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SECTION I: THE RUMEN AND ITS MICROBES 
THE RUMINANT ANIMAL 
The relationship between humans and ruminants dates back to prehistoric times 
where hunter-gatherers realized they could increase their food supply by domesticating 
ruminant animals and subsequent farming communities resulting in stable social 
communities (Russell and Rychlik 2001). Indeed, a large portion of our meat and almost 
all the milk we consume comes from domestic ruminants. The word ruminant comes 
from the Latin verb “ruminare” with the meaning of “to chew the cud” (Collins et al. 
1986). Cud chewing, even-toed, hooved mammals, with a four-chambered stomach and 
classified under the suborder Ruminantia are called true ruminants (Dobson and Dobson 
1986). There are about 150 species of extant ruminants (Hofmann 1989). They make a 
diverse array of ruminants with the body weight ranging from about 3 kg to over 1,000 
kg.  
Diets that ruminants consume are diverse. Ruminants are classified into three 
morphophysiological groups based on their feeding type: concentrate selectors (40%), 




Concentrate selectors have small rumens, poorly developed omasums, and large 
livers (e.g. roe deer). Intermediate feeders are seasonally adaptive and their feeding 
preference could be either browsing (e.g. goats) or grazing (e.g. sheep). Grass and 
roughage grazing species generally have larger rumens and are less selective (e.g. cattle). 
Even though there are over 150 species of ruminants mainly four species are 
domesticated (cattle, sheep, goat and buffalos) throughout the world, outnumbering all 
other ruminants. Figure 1 gives a summary of the livestock live animal numbers as of 
2010. At present, undoubtedly cattle are the most important livestock species throughout 
the world. Sheep and goats account for the second and fourth highest animal numbers in 
production agriculture. In industrialized countries, sheep farming is more important than 
goat production. During the last few decades, the overall small ruminant production 
(milk, meat and wool) grew significantly in developing countries, but either stagnated or 
decreased in the developed world (Morand-Fehr and Boyazoglu 1999). Tables 1 and 2 
summarize the contribution of ruminant animals to livestock production in some selected 
countries as of 2010. The goat and buffalo production systems play an important role in 
the rural economy of the developing countries. Their contribution in providing high 
quality protein to children in the rural communities is worth mentioning because it 





Figure 1. Live animal numbers of major livestock species 
















Liquid milk (in 
1,000 metric 
tons) 
India 316,400 61,700 2,842 50,300 
Brazil 185,159 49,200 9,115 29,948 
China 105,430 41,500 5,600 29,300 
United States 93,881 35,685 12,047 87,461 
EU-27 88,300 29,350 8,022 135,435 
Argentina 49,057 11,600 2,620 10,600 
Australia 27,907 8,040 2,087 9,327 
Mexico 22,192 7,000 1,751 11,033 
Russia 20,677 6,952 1,435 31,900 
Canada 12,905 4,835 1,272 8,350 
Table 1. Major cattle producing countries in the world and their production as of 2010 



































China 2,070,000 1,724,000 361,760 1,872,823 277,500 310,425 
India 289,200   66,600 586,500 4,300,000 1,462,660 
Nigeria 148,809   27,056 291,300     
Pakistan 158,000 36,000 44,079 275,000 739,000 760,000 
Bangladesh 3,900 36,400 892 242,000 2,496,000 5,960 
Sudan 349,000 452,100 64,150 159,900 1,601,900   
Iran (Islamic 
Republic of) 
360,000 479,200 60,000 138,000 452,100 19,040 
Turkey 259,000 816,832 45,920 36,600 272,811 990 
South Africa 139,792   18,750 35,480     
Australia 555,616   115,466 25,000     
Morocco 139,000 37,700 19,440 23,000 57,600   
Kazakhstan 122,601 27,000 13,722 20,343 11,200   
Russian 
Federation 
169,872 1,000 18,880 18,278 240,000   
Algeria 180,200 231,300 26,500 14,200 248,400   
France 121,861 259,240 11,800 12,053 645,176   
Turkmenistan 129,500   17,060 9,800     
Spain 131,231 585,190 19,200 9,000 602,000   
Syrian Arab 
Republic 
198,000 643,000 22,743 8,800 139,000 330 
Viet Nam       8,745   84,214 
New Zealand 470,906   121,400 1,241     
United 
Kingdom 
280,861   68,400       
U.S.A. 76,340   7,663       
Table 2. Summary of 2010 small ruminant and buffalo production in selected countries  
Source: FAOSTAT | © FAO Statistics Division 2012 | Accessed 28 March 2012.  
URL: http://faostat.fao.org/site/569/default.aspx#ancor 
About 41% of the earth’s land surface is covered by rangeland/dry land systems 
(Lund 2007). Ruminant animals beneficially digest and utilize this complex biomass by 
converting apparently indigestible carbohydrates and proteins to useful products with the 




fatty acids (VFAs) from complex biomass such as pant cell walls. Further, they de novo 
synthesize amino acids using ammonia and convert them to microbial proteins, which are 
later available to the host animal. Compounds such as oxalates and mimosine are 
detoxified in the rumen with the help of the microorganisms (Russell and Wilson 1988). 
Certain vitamins such as components of the vitamin B complex are produced by rumen 
microorganisms (McElroy and Goss 1940).  
Ruminants cannot be considered “primitive” even though there are inefficiencies 
in breaking down plant material inside the rumen (Hofmann 1989). Typically, cattle 
would waste about 6% of the ingested energy as methane, which is a greenhouse gas 
(Johnson and Johnson 1995). High producing ruminant animals (e.g. dairy) are 
susceptible to metabolic disorders such as acidosis and ketosis (Herdt 2000; Kleen et al. 
2003).  Some rumen bacteria can produce toxins such as 3-methylindole in the rumen 





ANATOMY OF THE BOVINE RUMEN 
Cattle have a complex stomach with four compartments referred to as the rumen, 
reticulum, omasum, and abomasum. These divisions can be seen clearly on the external 
surface as furrows. The size of the four-chambered stomach varies depending on the age 
and the size of the animal. The capacity of the complex stomach in an adult of a large 
breed is about 40-60 gallons (Sisson 1910). The right side of the reticulo-rumen is 
irregular and rests on the liver, left kidney, omasum, abomasum, pancreas, aorta, and 
posterior vena cava. Peritoneum and connective tissues firmly attach this organ to the 
diaphragm and sublumbar muscles. The reticulum rests against the diaphragm on the left 
side of the median plane and is connected to the omasum by a short neck. The reticulo-
ruminal fold is the tissue mass that divides the rumen and reticulum into two 
compartments. The main functions of the reticulo-ruminal fold are mixing of digesta, 
sorting of particles and preventing fluid reaching the cardia during eructation. The pillars 
are highly musculated areas of the rumen wall that correspond with the grooves on the 
external surface. The grooves contain blood vessels, lymphatics, and nerves, and the 
pillars are important for rumen motility. The longitudinal pillar divides the rumen into 
dorsal and ventral sacs. The dorsal blind sac is separated from the dorsal sac by the dorsal 
coronary pillar and similarly the ventral blind sac is separated by the ventral coronary 
pillar. The cranial blind sac is separated from the rest of the rumen by the cranial pillar. 
The omasum is the third compartment and is an ellipsoidal muscular structure. There are 
numerous mucosal folds on the internal surface of the omasum. The abomasum 




A non-secretory stratified squamous epithelium covers the internal surface of the 
rumen and reticulum. This epithelium consists of, from outside to inside, a basement 
membrane, and four cell layers called stratum basale, stratum spinosum, stratum 
granulosum, and stratum corneum (Frandson et al. 2009). Stratum basale consist of 
actively multiplying cuboidal cells. As they are pushed away from the basement 
membrane they become flattened, tough, lifeless, and constantly get sloughed off. The 
most superficial layer is the stratum corneum, which consists of keratinized dead cells. 
The internal surface of the reticulum has a honey comb (4-6 sided small epithelial folds) 
appearance (Sisson 1910). Small vestigial papillae are present in the honey comb 
structures. The reticular groove is a short passage from the esophagus to omasum lined 
by two lips. Inside the rumen, there are numerous papillae of various sizes and shapes. 
These papillae are well-developed in the ventral sac (about 1 cm in length), the floor of 
the caudodorsal blind sac, and the cranial sac. These papillae dramatically increase the 
absorptive surface of the rumen. There are numerous folds inside the omasum. The 
abomasum has a true glandular epithelium. This epithelium secretes pepsinogen (by chief 
cells), HCl (by parietal cells) and the hormones gastrin and histamine (Frandson et al. 
2009).  
Blood supply to the ruminant stomach is by the common hepatic, right and left 
ruminal, and omaso-abomasal arteries (Sisson 1910). The organ is drained by the 
reticular, right and left ruminal, and omaso-abomasal veins (Trotter and Lumb 1958).The 






Differentiation of primordial gut tissue begins around the fourth week of embryo 
development (Sidney and J.R.Lyford 1988). As the gut enlarges, well-defined dorsal and 
ventral curvatures become visible in the stomach as in simple stomached animals. On 
about the eighth week, compartments of the digestive system are formed including the 
ventricular groove. Around the third month, four compartments of equal size are formed. 
Rumen sacs and pillars become apparent. By four to five months, the relative proportion 
of the stomach is similar to that of an adult. At this time ruminal papillae become 
detectable. Form here onwards until birth, the abomasum continues to grow. At birth, the 
abomasum is about 60% of the total weight of the complex stomach (Short 1964).  
During the postnatal period, rumen growth continues and the relative size of the 
abomasum decreases. There is an innate potential for rumen to develop, but full 
development requires dry feed, which provides necessary physical and chemical 
stimulation. Roughage in the diet physically stimulates the muscle contractions in the 
rumen making them stronger (Tamate et al. 1962). Fermentation of concentrates provides 
VFAs especially butyrate, which is important for rumen epithelial tissue growth and 
papillae development (Coverdale et al. 2004). It takes about four months for a fully 
functional rumen to develop (Sidney and J.R.Lyford 1988).  
At birth, the rumen is sterile and bacteria start colonizing the rumen as early as 38 
hours after birth (Cheng et al. 1991). It takes approximately 8-13 weeks to establish the 
normal microbial flora (Bryant et al. 1958; Mueller et al. 1984). During the first week of 




reports of finding cellulolytic and methanogenic bacteria in the rumen during the first 
week of life (Bryant et al. 1958; Fonty et al. 1986) and it takes about six weeks to be fully 
established (Mueller et al. 1984). By two to three weeks, lactic acid producing and 
utilizing bacteria settle in the rumen (Ziolecki and Briggs 1961). Protozoa and anaerobic 
fungi begin colonizing in the rumen around two to three weeks (Bryant et al. 1958; Eadie 
et al. 1959; Fonty et al. 1987; Stewart et al. 1988). Animal to animal contact, a favorable 
rumen environment for microbes (CO2, NH3, H2, branched chain VFAs, vitamin B, pH 6-
7), and a good digesta turnover are vital for the establishment of a balanced and diverse 
microbiome (Church 1988). 
THE RUMEN ECOSYSTEM 
The rumen can be considered a large fermentation vat. The rumen is open to the 
external environment, and there is a continuous flow of material into and out of the 
rumen. However, the rumen environment is strictly anaerobic (-150 to -350 mv) and 
tightly regulated (Clarke 1977). Most studies have reported a dry matter content of 10-
13% in the rumen (Dehority 2003). The rumen temperature is typically regulated between 
38-40
o 
C in normally fed animals (Church 1969; Clarke 1977). The physiological pH 
range is between 5.5 and 7.0 (Dehority 2003), and it is one of the most variable factors in 
the rumen environment (Church 1969; Clarke 1977). However, the buffering capacity of 
the rumen content is quite high (Hungate 1966; Church 1969). Osmotic pressure of the 
rumen contents before feeding is hypotonic (250 mOsm/kg) with respect to plasma (300 
mOsm/kg), and after feeding it rises up to about 400 mOsm/kg, then gradually (in 8-10 




Rumen contractions help continuous mixing of the rumen content. The end-
products of rumen fermentation include VFAs (mainly acetate, propionate and butyrate) 
and gases [CO2 (65%) and CH4 (27%)] (Hungate 1966; Clarke 1977). Volatile fatty acids 
are the main source of carbon and energy to the animal. This fermentation process results 
in many intermediate products such as lactate, succinate, formate, H2, and NH3. The 
steady supply of food and constant removal of digested feed material and end-products 
along with the above mentioned rumen conditions allow a dense population of 
microorganisms to grow inside the rumen (Hungate 1966).  There is a symbiotic 
relationship between the rumen inhabiting microorganisms and the host animal. The host 
animal provides the substrates to the microbes by consuming forage, which is then 
digested and fermented by the rumen microbes to form VFAs, CO2 and CH4 (Hungate 
1966). The complex rumen ecosystem consists of bacteria, fungi, protozoa, and viruses.  
Bacteria and other microorganisms can be classified based on their micro-
environment within the rumen. Some bacteria (i.e. facultative anaerobes) and protozoa 
(i.e. holotrichs) are closely associated with the rumen wall (Ellis et al. 1989; McAllister 
et al. 1994; Dehority 2003). The rumen wall-associated bacteria scavenge oxygen and 
breakdown urea into CO2 and NH3 that enter into the rumen via feed, saliva and blood 
(McAllister et al. 1994). Further, some of them degrade the sloughing off epithelial cells. 
NH3 is a source of nitrogen to the rumen bacteria, while CO2 is an essential growth factor 
for fiber digesting bacteria. The extramural bacteria (99% of the rumen bacteria) can be 
either free-floating, attached to protozoa (symbiotic methanogens) or feed particles 
(Koike and Kobayashi 2009). About 75% of the bacteria are associated with feed 




80-90% are responsible for fiber digestion, 75% for protein digestion, and 70% for starch 
digestion (Brock et al. 1982; Minato et al. 1993). The free-floating bacteria or bacteria 
associated with liquid material inside the rumen are about 30% of the total bacteria inside 
the rumen (Legay-Carmier and Bauchart 1989). They can either become attached to the 
feed particles or simply washed away into the lower gastrointestinal tract (G.I.T) and then 
become available as a good source of protein for the host animal.  
BACTERIA AND ARCHAEA 
Bacterial role in fermentation of plant material became well-known after the work 
of Louis Pasteur in 1863. In 1879, Zuntz inferred that the rumen microorganisms ferment 
plant material anaerobically forming gas and acids (Hungate 1966). The rumen 
ecosystem allows the selection of specific and suitable microbial types (Hungate 1966). 





 bacterial cells are present in a gram of rumen content or milliliter of 
rumen fluid (Hobson et al. 1958; Hungate 1966; Miron et al. 2001). Ruminants consume 
complex feed material containing carbohydrates, proteins, lipids, organic compounds, 
and minerals. The rumen contains a variety of highly specialized bacteria: bacteria 
capable of utilizing specific substrates, bacteria capable of utilizing a variety of 
substrates, and intermediate ones (Hungate 1966). In an environment with a high turnover 
rate, the efficiency of converting the rumen plant material into cell yield determines the 
survival rate of microbes. Quite possibly, the fermentation of carbohydrates to VFAs, 
CO2 and CH4 gives the highest cell yields than any other biochemical pathways for 
carbohydrate fermentation (Hungate 1966). Among the theoretically possible innumerous 




CO2 and CH4), some combinations yield more cells than others. These combined 
pathways need a diverse set of enzymes. A single bacterial cell has a limited biocatalytic 
capacity. Therefore, the maximum total growth requires a complex and a diverse 
population of cells. Rumen bacteria are fastidious and difficult to grow under laboratory 
conditions (Moir and Masson 1952; Hungate 1966). Traditionally rumen bacteria have 
been classified based on morphology, energy source, fermentation end products, 
sensitivity to and requirement of oxygen, and ecological niches occupied (Yokoyama and 
Johnson 1988). In forage-fed animals, a vast majority of the rumen bacteria are Gram-
negative and obligate anaerobes (Hungate 1966). Among rumen bacteria, cocci and short 
rods of various sizes are typically most abundant (Hungate 1966). 
Many rumen bacteria have been isolated over the last 60 years by means of 
enrichment and habitat-stimulating techniques. There are specialized plant cell wall 
degraders [Ruminococcus flavefaciens (Sijpesteijn 1951), Fibrobacter (formerly 
Bacteroides) succinogenes (Hungate 1950)], starch digesters [Streptococcus bovis 
(Hungate et al. 1952), Ruminobacter amylophilus (Hamlin and Hungate 1956)], protein 
degraders [Prevotella ruminicola (Yokoyama and Johnson 1988), Streptococcus bovis 
(Russell et al. 1981), lipid digesters [Anaerovibrio lipolytica (Yokoyama and Johnson 
1988) and lactate utilizers [Megasphaera (formerly Peptostreptococcus) elsdenii (Elsden 
et al. 1956), Veillonella alcalesce (Johns 1951)]. However, most rumen bacteria depend 
on carbohydrates as the main source of energy. Many species produce small amounts of 
proteolytic enzymes, which contribute to the extensive proteolytic activity in the rumen 
(Blackburn and Hobson 1960). The rumen environment is important for growth of 




chain VFAs (n-valeric, isobutyric, 2-methylbutyric acid or isovaleric acid), phenolic 
acids and CO2 (Chesson et al. 1982; Yokoyama and Johnson 1988). The major 
fermentation end-products of cellulolytic bacteria are acetate, formate, succinate, CO2, H2 
and ethanol (Hungate 1966). The amylolytic bacteria prefer a more acidic pH (5-6), and 
their major end-products are acetate and propionate (Owens and Goetsch 1988; Russell 
and Rychlik 2001). Very few bacteria only use protein as their sole energy source 
(Yokoyama and Johnson 1988). About 38% of the isolates are proteolytic. Lipolytic 
bacteria hydrolyze triglycerides and phospholipids releasing free fatty acids and glycerol 
(Yokoyama and Johnson 1988). Methane producing bacteria in the rumen regulate the 
overall rumen fermentation by efficient removal of H2. This removal of H2 by reducing 
CO2 to CH4 is important for the growth of other rumen microbes and efficient 
fermentation of substrates (Yokoyama and Johnson 1988). These methanogenic bacteria 
are either free-living or associated with protozoa.  
Numerous experiments have shown the importance of bacterial adhesion in 
subsequent plant cell wall degradation (Miron et al. 2001). Initially, rumen bacteria attach 
to feed particles nonspecifically by hydrophobic, ionic, electrostatic, or by other types of 
bonds. Then, the bacteria start to colonize and bind specifically to the feed materials. The 
specific binding occurs through ligands or adhesins on the bacterial cell surface binding 
to the receptors on the substrate (Pell and Schofield 1993). These adhesins can be 
polycellulosome complexes, fimbriae, glycocalyx, cellulose binding proteins, and 
enzyme binding domains (Pell and Schofield 1993; Morrison and Miron 2000). Then, the 
bacteria get proliferated and make colonies on the potentially digestible sites of the feed 




digestion inside the rumen (Gong and Forsberg 1989). Bacterial attachment enhances 
efficiency of degradation of plant material by the enzymes present on the cell wall or the 
surface, and facilitates the uptake of hydrolytic products. Further, bacteria attached to the 
larger feed particles resist passage to the lower G.I.T., and become less likely to be 
engulfed by protozoa.  
It is generally accepted that there are about ten times more bacteriophages than 
bacteria in natural environments (Whitman et al. 1998). Therefore, the bacteria number 
and diversity is a key factor that governs the bacteriophages inside the rumen ecosystem 
and their diversity, which subsequently affects the bacterial diversity and numbers. This 
predator-prey relationship is in a fine balance where both the groups survive and continue 
to ferment complex biomass in the rumen. Bacteriophages are considered a critical factor 
that drives the evolution of bacteria and maintains the fine balance of bacterial 
community structure in the gut (Breitbart et al. 2003). However, very little or no 
information is available on the role of the rumen virome in shaping the evolution of 
bacterial populations and thereby rumen fermentation (Berg Miller et al. 2012). 
ANAEROBIC FUNGI 
Anaerobic fungi (AF) were first described by Liebetanz (1910), but were thought 
to be zooflagellates for many decades. Braune (1913) named such an organism as 
Callimastix frontalis due to its similarity to Callimastix cyclopsis. Later, Vavraj and 
Joyon (1966) found that Callimastix cyclopsis is likely a fungus related to the phylum 
Chytridiomycota. Therefore, Callimastix frontalis was assigned a new genus of 




Neocallimastix frontalis increased rapidly even after one hour of feeding followed by a 
rapid death and lysis. Further, he estimated such a marked rise in cell numbers should 
result from 2-5 cycles of cell division within an hour of feeding. This result appeared 
unlikely to Warner and explained his observation as protozoa probably are sequestered on 
the rumen wall and are migrating back and forth due to chemotactic responses. In a 
subsequent experiment conducted by Orpin (1975), he found that this rapid rise in 
Neocallimastix following feeding is due to a release of flagellates (zoospores) by a 
reproductive body on a vegetative phase of the organism making the discovery of AF.  
Rumen fungi are an integral part of the rumen microbiome, although very little is 
understood on their role and diversity. Rumen fungi can be broadly categorized into two 
groups based on their energy metabolism; facultative anaerobes and anaerobes. 
Anaerobic rumen fungi were originally classified as Chytridiomycetes, based on their 
thallus morphology and the presence of chitin in their cell walls (Orpin 1976; Orpin 
1977). AF produce special flagellated structures called zoospores. They lack 
mitochondria, and energy is generated in an organelle called hydrogenosome. 
Hydrogenosomes are amorphous globules enclosed by a single membrane with an 
electron-dense matrix (Yarlett et al. 1986). Hydrogenosomes are in close association with 
the microtubules radiating into the cytoplasm kinetosome/basal body of the flagella in 
zoospores. In vitro studies have shown their growth is optimum between pH 6-7.5 (Orpin 
1975). AF have now been identified from the alimentary tracts of a wide range of 
herbivores, and so far, they have not been isolated from any other anaerobic terrestrial or 












Figure 2. Schematic diagram showing the life cycle of anaerobic fungi. AF consist of 
two forms in their lifecycle; a motile zoospore (Fig.2-1) and a non-motile vegetative form 
called the thallus (thallus includes rhizoids and the reproductive body called sporangium 
with its developing zoospores) (Dehority 2003). In AF, the zoospores chemotactically 
attract to fresh feed particles and attach on to the feed particles while losing their flagella 
and becoming encysted (Fig.2-2 and 2-3). The encysted zoospore develops a rhizoid into 
the feed particle (Fig.2-4) initiating the vegetative growth phase with an extensive rhizoid 
system or rhizomycelium. In certain fungi, the nucleus migrates out of the cyst (Fig.2-
5A) into the rhizoid system. Once the nucleus is migrated out from the cyst, it results in a 
single sporangium in the exogenous monocentric type (Fig.2-6B). In exogenous 
polycentric type (Fig.2-6A; one sporangium is drawn enlarged to show inside features), 
multiple sporangia are formed after the nuclear division. In endogenous monocentric 
fungi, the nucleus remains inside the cyst and develops into the future sporangium (Fig.2-
5B). Two or more nuclei are produced by mitotic nuclear divisions (Fig.2-6B). The 
developing sporangium/sporangia get separated from the rest of the rhizomycelium 
(Fig.2-7). The precursor flagella cleavage vesicles appear near the kinetosomes, and 
subsequently become elongated forming flagella (Fig.2-8, 9). The surface layers coating 
the zoospore begin to polymerize. Zoospores detach from the sporangium wall and 
flagella vesicles fuse with the peripheral plasma membrane of the zoospore (Fig.2-10). 
Once the zoospore differentiation is completed, the sporangium wall is digested releasing 
zoospores (Fig.2-12). This diagram is adapted from several sources (Munn et al. 1988; 









 per milliliter of rumen fluid) 
than prokaryotes and protozoa (Mountfort and Orpin 1994) based on the zoospore count. 
It is generally accepted that their contribution for providing nutrients to the ruminant host 
is less significant than other rumen microbes (Griffith et al. 2009). However, AF are 
important colonizers of the complex feed material and are active during the early phase of 
fermentation (Theodorou et al. 1992). AF play a significant role in fiber digestion in the 
rumen (Ho and Barr 1995; Orpin and Joblin 1997). They can penetrate the cuticle, the 
rigid structural barrier on the outside of the plant epidermis, as a result of their 
filamentous growth and cutinase activity. AF have been shown to digest and degrade 
lignified plant material (Lowe et al. 1987; McSweeney et al. 1994). These functions do 
not appear to occur with other rumen microorganisms, thus giving AF an additional 
advantage in degrading plant fiber. AF have a range of highly active enzymes (cellulases, 
xylanase, acetylesterases etc.), and they are the only known microorganisms that produce 
exo-acting cellulases (Forsberg et al. 1997). Also, AF act synergistically with rumen 
bacteria to digest complex plant material in the rumen (Dehority and Tirabasso 2000). 
Among the species of AF, Neocallimastix are the most studied organisms and are found 
to digest crystalline cellulose rapidly (by the action of endo--1, 4-Glucanase and exo--
1, 4-Glucanase) (Mountfort and Orpin 1994). Furthermore, AF are prospective candidates 
to be used in biofuel production from lignocellulosic biomass.  
It has been thought that these AF have evolved from free-living chytridiomycetes 
to survive the anaerobic conditions in the digestive tract of their herbivorous hosts (Heath 
1988). Based on extensive molecular phylogenetic analyses, AF are now classified as 




2007). AF have been formally classified into six genera; Neocallimastix, Piromyces, 
Caecomyces, Anaeromyces, Orpinomyces and Cyllamyces based on the morphology of 
their thalli, number of flagella present in zoospores, and development. So far, over twenty 
species have been named and described under these genera (Griffith et al. 2009). These 
species have been recognized according to the taxonomic convention by the ultrastructure 
of zoospores (Heath et al. 1983; Orpin and Munn 1986; Webb and Theodorou 1991). 
However, the validity of this method has been debated due to occurrence of natural 
morphological variants within the same species of AF (Ho and Barr 1995). Age, method, 
and quality of preparation for identification are some factors which could adversely affect 
the morphology based classification. Initially, zoospore counts were used to enumerate 
AF (Orpin 1975). In polycentric species, new rhizobia are formed from the old 
rhizomycelium in addition to zoospores. Therefore, zoospore count does not infer the 
number of thallus-forming units accurately (Hespell et al. 1997).  
It has been almost forty years since the discovery of anaerobic fungi, but very 
little is understood on their community structure and role inside the gut due to 
unavailability of convenient and reliable methods for accurate identification, 
differentiation and enumeration of anaerobic fungi (Orpin 1994; Brookman et al. 2000). 
However, over the past few decades, various methods have been applied in identifying 
and/or quantifying rumen fungi with varying success. Most Probable Number (MPN) is a 
commonly used enumeration technique in microbiological work (McCrady 1915) and has 
been adapted to enumerate AF (Theodorou et al. 1990). In this method the samples are 
serially diluted until no thallus-forming units are found in the latter dilutions and incubate 
at 39
o




growth/acidity are enumerated. Since this is a culture based method, it has the tendency 
to under estimate the true population especially with very fastidious organisms. In order 
to overcome the limitation of culturing, chitin assays have been used to quantify rumen 
fungal biomass (Gordon and Phillips 1989; Gay 1991). This assay has been reported to 
have limited usage in in vivo experiments (Rezaeian et al. 2004) and lower extraction 
efficiencies with certain substrates (Davies 1991). The greatest promise lies with the 
metagenomic approaches in identifying and quantifying rumen AF (Griffith et al. 2009).  
PROTOZOA 
Protozoa are relative large unicellular organisms with a cuticle (skin) and a 
digestive tract with a mouth and an anus. Therefore, protozoa can be considered as the 
simplest form of animal life (Dehority 2003). They have a macronucleus, a micronucleus 
and contractile vacuoles. The contractile vacuoles may be functioning in excretion of gas 
and liquid waste products (Hungate 1978). They reproduce by binary fission (Warner 
1966). Protozoa are the first microorganism discovered from the rumen in 1843 by Gurby 
and Delafond (Hungate 1966). Further, Gurby and Delafond have link the ability of the 
ruminant animal to survive exclusively on plant material to existence of protozoa in the 




 protozoal cells per gram of rumen content (Dehority 
2003). Animal to animal contact and favorable rumen conditions are important for 
establishment of ciliate protozoal population in the rumen (Hungate 1966; Dehority 
2003). Protozoal numbers increase in the rumen as the amount of energy available in the 
diet increases (Nakamura and Kanegasaki 1969; Grubb and Dehority 1975). Also, a drop 
in rumen pH, as in acidosis resulted from high concentrate diets, would eliminate 




60% concentrates will result in highest number of protozoa with the greatest diversity 
(Dehority 2003). The majority of the rumen protozoa are ciliates. However, flagellates 
species are also present in the rumen. The ciliate protozoa come under the subclass 
Trichostomata according to the latest classification (Lee et al. 1985). Four of the families 
of protozoa named Isotrichidae, Paraisotrichidae, Blepharocorythidae and Buetschliidae 
are classified under Trichostomata, which were originally classified under the subclass 
Holotricha, and were commonly referred to as “holotrichs” in scientific literature 
(Dehority 2003). The remaining ciliated protozoa are classified under the family 
Ophryoscolecidae according to Lee et al. (1985), and were earlier called “oligotrichs,” 
and more recently, called “entodiniomorphs.” Holotrichs and entodiniomorphs account 
for approximately 10% and 90% of rumen ciliated protozoa, respectively (Ankrah et al. 
1990). Entodinium is the most common protozoal genus found in domestic ruminants 
(Ibrahim et al. 1970; Dearth et al. 1974). By evolution, rumen ciliates have become 
highly specialized for the rumen ecosystem (Dehority 2003). There have been numerous 
genera and species described under the previously mentioned families based on the 
cellular morphology. The morphological criteria used in classification include: number of 
skeletal plates, number of contractile vacuoles, the number and size of ciliary zones, 
location of the nuclear apparatus, variation in cytoalimentary system, and overall body 
size (Dogiel 1947; Lubinsky 1957a; Lubinsky 1957b; Furness and Butler 1988). Protozoa 
can ferment plant material for cellular energy synergistically with the billions of other 
microorganisms found in the rumen (Hungate 1966). Before the discovery of rumen AF 
in 1977 by Orpin, the reports on flagellate protozoa were confounded by the coexistence 




been isolated from the rumen. These species belong to five genera: Monocercomonas, 
Monocercomonoides, Chilomastix, Tetratrichomonas, and Pentatrichomonas (Ogimoto 
and Imai 1981). 
Protozoa engulf bacteria and therefore control bacterial numbers in the rumen 
(Coleman and Hall 1969). Furthermore, protozoa appear to require the coexistence of live 
bacteria in the medium for survival (Fondevila and Dehority 2001). Entodiniomorph 
species are capable of digesting all major plant polysaccharides (i.e. starch, pectin, 
hemicellulose and cellulose), and isotrichid species primarily utilize soluble sugars as a 
source of energy (Dehority 2003). The major end-products of protozoal fermentation are 
acetate, butyrate, propionate, H2, CO2 and lactate. Protozoa play an important role in 
animals fed with a low-protein diet or undergoing short periods of starvation (Yokoyama 
and Johnson 1988). Protozoa convert bacterial proteins to protozoal proteins by engulfing 
bacteria, and they cannot efficiently utilize NH3 as a source of nitrogen. Protozoa are 
relatively resistant to the passage through the G.I.T., and dead protozoa become a source 
of nitrogen to the rumen bacteria. This recycling of microbes may be advantageous for 
animals that are fed low-protein diets. However, they can be a source of microbial cell 
proteins for the animal at lower G.I.T. Protozoa also have storage polysaccharides, which 






An estimated number of 10
31
 virus-like particles are present on earth (Rohwer et 
al. 2009). Most of these viruses are thought to be bacteriophages that infect prokaryotes, 
which outcompete their host by at least one order of magnitude (Krupovic et al. 2011). 
Undoubtedly, bacteriophages are the most abundant form of life on earth (Regenmortel et 
al. 2000). Based on the half-life of free viruses (~48h), it has been estimated that about 
10
27
 viruses are produced every minute eventually destroying 10
25
 microbes, or about 100 
million metric tons of cell mass every minute (Rohwer et al. 2009). Therefore, these 
natural predators of bacteria have an immense impact on bacterial population densities 
and community structure (Wilhelm and Suttle 1999; Rohwer et al. 2009). Hence, these 
predators of bacteria have a profound effect on all bacteria mediated processes such as 
nutrient and biogeochemical cycling, horizontal gene transfer, antimicrobial resistance, 
and bacterial virulence (Suttle 1994; Wilhelm and Suttle 1999; Casas and Rohwer 2007; 
Roberts et al. 2008; Rohwer et al. 2009; Tap et al. 2009).Viral predation along with 
protist grazing keeps the bacterial numbers below the carrying capacity of any ecosystem 
(Rohwer et al. 2009).  
The ecological role of bacteriophages and other viruses has been mainly studied 
in aquatic systems (Rohwer et al. 2009) and in the human gut (Kim et al. 2011b). The 
ocean and lake waters contain an estimated number of 10
6
 phage particles per milliliter 
and 10
9
 phage particles per gram of sediment (Maranger and Bird 1996; Danovaro et al. 
2001; Hewson et al. 2001). Several studies have screened the viral diversity in the human 
gut using a limited number of human subjects by means of shotgun sequencing (Breitbart 




homeostasis of the gut (Qin et al. 2010). In the recent past, it has been recognized that the 
animal gut inhabiting microbial populations play a significant role in pathogenesis of 
certain metabolic and inflammatory diseases such as diabetes, obesity, and inflammatory 
bowel disease (Turnbaugh et al. 2006; Frank et al. 2007; Wen et al. 2008). Based on the 
recent research conducted on gut associated viromes, the phage-microbial host 
relationship has been described as a complex association rather than a simple predator-
prey relationship commonly observed in many other ecosystems (Reyes et al. 2010). 
Furthermore, the diversity and the unexplored component of the fecal virome are 
increasingly recognized in recent studies emphasizing the importance of such knowledge 
(Kim et al. 2011).  
In terms of numbers and diversity, the bacteriophage populations inhabiting the 
rumen of cattle are not any lesser than the above mentioned environments. It was 
estimated that the bacteriophage count in a milliliter of rumen fluid is between 3 x 10
9
 
and 1.6 x 10
10 
particles (Klieve and Swain 1993). Rumen bacteriophages play an 
important role in population dynamics of rumen bacteria, and they cause a specific and 
considerable lysis of rumen bacteria (Klieve and Swain 1993). Lysis of crucial bacteria 
involved in metabolic pathways inside the rumen could result in altered foregut 
fermentation and a change in total animal performance. However, very little is known 
about the diversity of bacteriophages inside the rumen and their effects on bacteria. To 
the best of our knowledge, there is only one previous study reporting on the rumen 
virome and its diversity based on high throughput sequencing of virus enriched samples 




According to present knowledge, bacteriophages make the largest group of 
viruses on earth (Regenmortel et al. 2000). As of now, viruses have been classified into 
three orders, 61 families, and 241 genera (King et al. 2012). In 1991, the International 
Committee on Taxonomy of Viruses (ICTV) endorsed that “a virus species is a polythetic 
class of viruses that constitute a replicating lineage and occupy a particular ecological 
niche” (Regenmortel et al. 2000). Therefore, phages are also classified based on a 
“polythetic species concept”, meaning that each species is defined by a number of 
properties, all of which may be not found in every member in the group. A vast majority 
of the phages contain double stranded DNA. However, there are single stranded DNA, 
single stranded RNA, and double stranded RNA phages. Double stranded DNA phages 
consist of 13 families and the genus Slaterprovirus. These 13 families are: Myoviridae, 
Siphoviridae, Podoviridae, Lipothrixviridae, Plasmaviridae, Corticoviridae, 
Fuselloviridae, Ampullaviridae, Globuloviridae, Guttaviridae, Tectiviridae, Rudiviridae, 
and Bicaudaviridae (King et al. 2012). Single stranded DNA phages consist of two 
families; Microviridae and Inoviridae. Double stranded RNA phages belong to the family 
Cystoviridae and single stranded RNA phages belong to Leviviridae family. 
The tailed bacteriophages are the largest group of bacteriophages, and account for 
96% of the reported bacterial viruses. They are classified under the order of 
Caudovirales, which consists of three families; Myoviridae (24%), Siphoviridae (62%) 
and Podoviridae (14%) (King et al. 2012). Members of the family Myoviridae have long 
contractile tails, Siphoviridae have long non-contractile tails, and Podoviridae have short 
contractile tails. The virion contains a single molecule of linear, double stranded DNA. 




enough phylogenetic and taxonomic features left among the members of Caudovirales, 
though many of the above features have been obscured by great evolutionary age, 
extremely large populations, and horizontal gene transfer. It has been suggested that the 
tailed phages constitute a monophyletic evolutionary group based on many 
morphological and physiological characteristics. However, bacteriophages have 
distinguishing characteristics: differences in DNA content and composition (ranging in 
size from 17 to over 700 kbp), tail length variations (ranging from 10 to 800 nm), and 
also differences in their fine structure, and physiology (Ackermann 2003).  
The virion has a head/capsid and a tail. Virion heads can be icosahedral in shape, 
but some can be elongated derivatives of it (Regenmortel et al. 2000). Tails are either 
helical or consist of stacked disks. Tails often carry structures such as spikes, base plates 
or fibers, which aid in attachment. Phage DNA may contain modified bases such as 5-
hydroxymethylcytosine, can be glycosylated, or associated with internal proteins. The 
linear genomes have an estimated number of genes between 27 to over 200. These genes 
seem to be arranged in interchangeable blocks or “modules”. Replicating DNA forms 
concatemers (large branched intermediates). Then, the DNA is cut into unit size and 
combined with the bacteriophage heads. Virion particles are assembled through a 
complex process comprised of separate pathways for heads, tails, and tail fibers. 
Maturation completes with the addition of a matured, DNA-filled capsid to a protein tail.  
A high genotypic diversity of single stranded DNA viruses, particularly 
microphages, have been found in many environments ranging from rice paddy soil (Kim 




using multiple-displacement amplification with phi29 polymerase (Edwards and Rohwer 
2005). However, there is very little information available about their hosts (Rebecca 
Vega 2009). Single stranded DNA viruses, mainly the members of family Microviridae, 
have been identified in human feces. Bacteroides and Prevotella are thought to be the 
hosts of microphages in the human gut. Single stranded DNA viruses such as nanovirus, 
circovirus or parvovirus have been not detected in the human gut (Kim et al. 2011).  
In the recent past, there has been an increase in the attention on the role of 
prophage elements in their host genomes as they were identified as having beneficial 
effects to the hosts’ phenotypes (Canchaya et al. 2003; Wang et al. 2010; Roossinck 
2011). The genes related to bacterial metabolism found in the bacteriophages might have 
originated from gut bacteria as lysogenic conversion genes, which could be potentially 
transferred to other bacteria present in the same niche. (Canchaya et al. 2003). Based on 
these findings, the bacteriophages in gut might facilitate transient gut bacteria to colonize 
and adapt to the gut microbial ecosystem (Kim et al. 2011). As a result, the conventional 
thinking of viruses and their microbial host association of predator-prey based on the 




SECTION II: GUT MICROBES AND METAGENOMICS 
INTRODUCTION 
Most rumen microbes are fastidious and extremely difficult to culture under 
laboratory conditions. There is also an ambiguity associated with phenotypic criteria used in 
defining taxa among the few gut microbes that have been cultured (Ho and Barr 1995; 
Whitford et al. 1998). Traditional techniques such as the roll-tube technique and most 
probable number technique used to study gut associated microbes tend to underestimate the 
microbial numbers and the diversity (Deng et al. 2008). Only about 1% of the microbes 
detected by direct microscopy can be cultured with existing knowledge and laboratory 
conditions (Pace 1997). It is generally accepted that good classification schemes utilize 
natural evolutionary relationships among organisms and any scheme entirely based on 
morphology fails to recognize evolutionary relationships (Raskin et al. 1997). As a result, an 
increasingly growing interest has developed in molecular techniques to overcome these 
limitations, and to rapidly identify and quantify gut microorganisms (Kobayashi et al. 2000). 
Zuckerkandl and Pauling (1965) have highlighted that macromolecule sequence comparison 
is the most reliable way of finding the phylogenetic relationships among living organisms. 
Macromolecule sequence data provides a quantitative interpretation of the microbial 
community structure along with accurate phylogenetic relationships provided that the 
sequences being used are sufficiently long (Pace et al. 1986). Such ideal macromolecules 
should not be transferred between organisms (resist horizontal gene transfer), have a strictly 
constant function, and have a sufficient number of residues that undergo change at a rate 




fulfill all of the above criteria. However, 16S and 18S ribosomal RNA (rRNA) sufficiently 
meet these criteria. Ribosomal RNA and their coding genes are evolutionarily conserved. 
Although 5S rRNA and transfer RNA (tRNA) have conserved sequences, they contain very 
few independently varying nucleotides. Microbial communities, except viruses, can be 
described by comparative analysis of rRNA gene sequences without having to culture them.  
Using molecular techniques based on rRNA genes will not only provide a way of 
classifying rumen microbes, but will also aid in predicting the evolutionary relationships 
among them (DeLong et al. 1989). High throughput sequencing technologies such as Roche 
454 pyrosequencing and Illumina sequencing, Quantitative Real Time PCR (qRT-PCR), and 
Terminal Restriction Fragment Length Polymorphism (T-RFLP) are some of the most widely 
used rRNA gene based methods to identify and quantify microorganisms (Stahl et al. 1988). 
Fluorescence in situ hybridization (FISH) or blot hybridization can be used to readily 
determine the absolute or relative abundance of a given sequence or organism (Dangler, 
1996). There are well-supported public databases having rRNA gene sequence information 
available such as the Ribosomal Database Project (RDP) (http://www.cme.msu.edu) and 
GenBank (http://www.ncbi.nlm.nih.gov).  
Sequence comparisons allow identification of new operational taxonomic 
units/species based on the sequence similarity (<97% for bacteria) to the already 
characterized species, and allows for the placement in existing phylogenetic classification 
(Deng et al. 2008). Universal probes targeting rRNA genes or Internal Transcribed Spacer 
(ITS) regions between rRNA genes quantify the total microbial populations in a sample and 




Generally 16S and 18S rRNA genes are preferred over 23S or 28S rRNA genes in microbial 
profiling due to their higher availability in public databases (Deng et al. 2008).  
Comparative analysis of 16S rRNA gene sequences is a very useful tool for studying 
bacterial communities. Metagenomic studies based on rRNA genes have found many new 
microbial species from the animal gut, since studies based on conventional methods could 
not discover them (Pace et al. 1986). Comparative analysis of 16S rRNA gene sequences led 
to the discovery of the two fundamental types of the prokaryotes; archaea and eubacteria 
(Woese et al. 1990). A recent analysis of 16S rRNA gene libraries derived from bovine 
rumen fluid has led to the discovery of a new cluster of Euryarchaeota, which is not 
associated with the known methanogens (Tajima et al. 2001). More recent studies based on 
16S rRNA gene sequence comparisons have reported a higher diversity in the rumen 
bacterial/archaeal communities (Whitford et al. 2001; An et al. 2005; Deng et al. 2007).  
PCR methods have been successfully used to amplify 18S rRNA genes and ITS 
regions of rumen protozoa and fungi (Dore and Stahl 1991; Wright et al. 1997). However, it 
is quite challenging to design 18S rRNA gene or ITS region based primers, which are also 
specific to protozoa or fungi due to high conservation of regions of rRNA genes among many 
eukaryotic divisions. The specificity of the primers is a crucial factor when working with 
complex biomass such as rumen content since it contains multiple sources of 18S rRNA 
genes, which includes: sloughing off of host animal cells, ingested plant material, rumen 
protozoa, fungi, nematode parasites etc. Several studies using 18S rRNA gene sequences to 
classify rumen fungi (Dore and Stahl 1991; Bowman et al. 1992) have failed to discuss the 




variability in the 18S rRNA genes. Li and Heath (1992) used the ITS 1 region sequences to 
compare anaerobic fungi (AF). Unlike the 18S rRNA genes, ITS 1 region (and also ITS 2 
region) is not well conserved among species and strains of fungi due to less evolutionary 
pressure. This allows for a higher resolving power in classifying sequences at genus or 
species level.  
Besides this ambiguity in classification of gut microbes, the laborious nature and 
requirement of a greater level of expertise hinders the popularity of classical microbiological 
methods in most present day studies. Also, rumen microbes are extremely resistant to culture. 
High throughput sequencing and PCR based technologies are becoming available and 
affordable to many laboratories worldwide. Therefore, metagenomic techniques provide 
invaluable tools to explore the role of gut microbes and their diversity along with how they 
respond to various environmental conditions inside the mammalian gut. 
So far, except few phages infecting Bacteroides and Clostridium, no viruses have 
been isolated that infects other dominant gut bacteria (Kim et al. 2011b) due to the fastidious 
nature of their bacterial hosts (Lorenzi et al. 2011). Also, it may be difficult to induce phage 
lytic cycles under experimental conditions. The absence of universally conserved genes in 
viruses, analogous to rRNA genes in cellular organisms, has hindered studying of viral 
diversity (Lorenzi et al. 2011). Additionally, standard metagenomic techniques cannot be 
effectively used to study bacteriophages due to the presence of modified nucleotide bases in 
their genomes. Consequently, phage DNA is lethal to bacteria and poses a barrier to standard 
cloning techniques (Warren 1980). The high throughput shotgun sequence analysis is the 




limitations (Lorenzi et al. 2011). Metagenomic analyses of natural communities and man-
made niches have shown that viruses are extremely diverse and novel (Rohwer et al. 2009). 
Metagenomic studies have been conducted in many extreme ecosystems ranging from hot 
springs (Rachel et al. 2002; Redder et al. 2009) to marine sediments (Breitbart et al. 2004) in 
which viruses are the only known microbial predators. However, with increasing number of 
comparative genomic studies being conducted on viromes isolated from the same host under 
different conditions have found striking similarities between them (Angly et al. 2009; Redder 
et al. 2009; Weynberg et al. 2009). This indicates that if the mammalian gut is sampled 





SECTION III: DNA METHYLATION AND EPIGENETIC REGULATION OF GENE 
EXPRESSION IN VIRUSES 
INTRODUCTION 
The phenotype of a cell or an organism is primarily determined by its gene 
expression profile. Epigenetics provides an additional stability and diversity to the 
phenotype of a cell by modifying the process of transcription through chromatin marks 
that are maintained or regenerated during cellular division (Laird 2010). In eukaryotic 
organisms, methylation of cytosine base at the fifth carbon atom (C
5m
) is a common 
epigenetic landmark found in the sequence formats CpG or CpHpG (H = A, T, C). 
Methylated cytosine bases were first discovered in a calf thymus about 60 years ago 
(Hotchkiss 1948). In mammals, two to seven percent of the total cytosine is converted to 
5-methylcytosine (Fig. 3) after the new DNA is synthesized by the action of DNA 
methyltransferases (e.g. Dnmt1, Dnmt2 and Dnmt3) (Vanyushin et al. 1970). Methylated 
cytosine bases (C
5m
) tend to mutate to thymine bases (Bird, 1980). Therefore, CpG 
dinucleotides are mutation hot spots and evolution tends to eliminate them unless they are 
positively selected (Salser et al. 1979). This supports the idea that non-coding regions 
should be deficient in CpG dinucleotides.  
Bacteria and archaea are known to carry 5-methylcytosine residues, N-4-
mmethylcytosine and N-6-methyladenine (Laird 2010). A majority of the N-6-
methyladenine residues in bacteria are formed by the action of dam 
methylase/methyltransferase (Marinus and Morris 1973; Herman and Modrich 1982). 




and methylates second adenine base in the sequence. There is another methyltransferase 
called dcm methylase/methyltransferase, which methylates the fifth carbon atom of the 
second cytosine base in specific sequences that have been identified as ‘CCAGG’ and 
‘CCTGG’ (Marinus and Morris 1973; May and Hattman 1975). These methylated 
residues in bacteria are primarily important in restriction-modification systems and 
mismatch repair strand discrimination (Laird 2010). Unmethylated restriction sites have 
been shown to be very vulnerable to bacterial restriction enzymes, while methylated 
restriction sites either have a reduced affinity or no affinity to them (Yuan and Meselson 
1970; Smith 1979). There are reports of bacteriophages carrying methylated bases (May 
and Hattman 1975). For example, one study reported that about 50% of the bacteriophage 
lambda DNA is dam methylated (Pirotta 1976), and the level of methylation is most 
likely decided by the available period of time between DNA replication and packaging 
into the phage head. Therefore, restriction enzymes provide a line of defense for bacteria 
against bacteriophage infections by cleaving non-methylated recognition sites in DNA.  
Methylation of cytosine residues plays an important role in gene expression and 
differentiation (Razin and Riggs 1980) in higher eukaryotes. The conversion from 
cytosine to 5-methylcytosine introduces a methyl group to an exposed position in the 
major groove in the DNA double helix, and it makes a change in the binding of proteins 
to DNA (Riggs 1975). These DNA-protein interactions have an effect on secondary and 
tertiary folding of DNA (Comings and Riggs 1971). DNA-mediated cell transfection 
studies have given convincing evidence that methylated residues are responsible for a 
closed chromatin structure (Keshet et al. 1986). The precise mechanism by which the 




studies have focused on the nucleosome structure to investigate how methylation affects 
the chromatin packaging (Cedar and Bergman 2012). The central core of the 
nucleosomes contains most of the methylated CpGs, and it has been predicted that there 
is an intrinsic effect of methylation on nucleosome position in DNA (Razin and Cedar 
1977; Chodavarapu et al. 2010). Methylation mediates down regulation of genes through 
the action of methyl-binding proteins (Klose and Bird 2006). These methyl-binding 
proteins such as MeCP2, MBD2 and MBD3 can specifically bind to the methylated bases 
of DNA, and possibly initiate a modification of local chromatin structure by histone 
deacetylation (Jones et al. 1998; Nan et al. 1998) or through methylation of specific 
lysine residues (Fuks et al. 2003). Conversely, recent studies have shown that the 
regulation of de novo methylation of cytosine is dependent on many factors such as the 
local state of histone lysine methylation, the interaction with repeated sequences, small 
RNAs, components of the RNAi pathway, and divergent and catalytically inert cytosine 
methyltransferase homologues (Goll and Bestor 2005).  
 
Figure 3. Structure of 5-methylcytosine 
Over the past years, many sensitive and reliable methods have been developed to 
identify and quantify 5-methylcytosine residues in DNA including: immunological 




Mass Spectrometry (GC-MS) (Miller et al. 1974; Singer et al. 1977; Singer et al. 1979). 
These methods cannot distinguish the function of DNA methylation since they do not 
relate the methylated residues to a particular region of chromosomes or specific 
sequence. However, they provide valuable information about the methylation status of a 
piece of DNA or a genome (Razin and Riggs 1980). This method limitation was partially 
fulfilled by using bacterial restriction endonucleases, which cleave DNA at specific sites. 
About 90% of the methylated cytosine residues in eukaryotic DNA are found in the 
dinucleotide combination CpG (Doskočil and Šorm 1962). Several restriction enzymes 
include CpG in their recognition sequences. Some of these restriction enzymes (e.g. 
Sau3AI) fail to cleave DNA when cytosine residues of CpG are methylated (New 
England Biolabs Inc., Ipswich, MA). Hence, these enzymes can be used to study DNA 
methylation patterns when compared to unmethylated control DNA. Such control DNA 
can be obtained by cloning the DNA fragment of interest to E.coli, since CpG sites of 
cloned DNA are not methylated (Rasin and Riggs 1980). It may be possible to obtain 
such DNA by using PCR since DNA methyltransferases are not present in the PCR 
reaction mix (Laird 2010). Important findings related to CpG methylation have been 
revealed by digesting total genomic DNA with HpaII (blocked by CpG methylation) or 
MspI (not sensitive to methylation) and by subsequent Southern blotting and visualization 
with a labeled probe (Waalwijk and Flavell 1978). Maxam–Gilbert sequencing technique 
has also been used to identify methylated cytosine residues (Maxam and Gilbert 1977). 
Almost all of the studies involved with working on sequence specific DNA methylation 
analyses have used a methylation dependent treatment of DNA before amplifying DNA 




enrichment, and bisulphite conversion. At present, there have been methylation studies 
conducted on a whole genome scale with advancing sequence technologies (Cokus et al. 
2008; Lister et al. 2009). Sodium bisulphite deaminates unmethylated cytosine residues 
rapidly compared to methylated cytosines (Wang et al. 1980; Hayatsu 2008). Therefore, 
bisulphite conversion turns the epigenetic difference into a genetic difference. 
Unmethylated cytosines appear as thymine residues (through uracil) in a DNA sequence 
after bisulphite conversion and sequencing (Laird 2003; Pomraning et al. 2009). The 
ultimate and comprehensive DNA methylation analysis is bisulfite sequencing, which 
produces a resolution at a single-base (Laird 2010).  
Almost all the invertebrates, fungal species, and most common bacteria have been 
found to contain a ‘normal’ relative abundance of CpG dinucleotides, based on a 
statistical method, presumably due to the absence of the specific methyltransferases 
(Karlin et al. 1994a). Nearly all of the viral genomes (except most of the herpes viruses 
and vaccinia virus) are deficient in CpG dinucleotides. Additionally, there are no other 
dinucleotide extremes in these viral genomes. In contrast, the relative abundance of CpG 
dinucleotides in most bacteriophages studied is in the normal expected range. The 
gammaherpes viruses are deficient in CpG dinucleotides and have a higher relative 
abundance of TpG/CpA dinucleotides (Karlin et al. 1994a). It is not yet fully understood 
whether CpG dinucleotides are methylated in gammaherpes viruses during replication. 
Methylation of the cytosine bases in CpG dinucleotides of viral genomes has been shown 
to have an association with the latent infections of herpes simplex virus (Youssoufian et 
al. 1982). Varying degrees of methylation of Epstein-Barr virus (EBV) in tumorigenic 




expression with the level of methylation (Hu et al. 1991; Minarovits et al. 1991). Honess 
et al. (1989) proposed that herpes viruses in highly dividing cells, such as lymphocytes, 
follow the process of methylation deamination mutation as described above. However, 
human herpes virus 6 does not show any suppression of CpG dinucleotides (Karlin et al. 
1994b).  
It is not clear why a dsDNA viral genome present in a nucleus would not be 
methylated (Karlin et al. 1994a), and it may require a special DNA-protein structure. It is 
plausible to think that small viral genomes can escape methylation due to their short 
replication times. In general, mechanisms leading to CpG suppression in small viruses 
may be different from methylation driven CpG suppression. A good example for the 
existence of such mechanisms is the metazoan species mitochondrial genomes, where 
CpG dinucleotides are highly suppressed. CpG methyltransferases are absent in 
mitochondria, and in the nucleus of lower eukaryotes. It has been demonstrated that CpG 
dinucleotides have the highest thermodynamic stacking energy. Consequently, avoidance 
of CpG dinucleotides enhances the rate of DNA replication, which is beneficial for 
viruses (Breslauer et al. 1986). Beside these suggestions, having low CpG relative 
abundances in viral genomes reduces the incidence of methylation and subsequent 
transcription inhibition (Karlin et al. 1994a). There are reports of down regulation of gene 
expression in several vertebrate retroviral proviruses having methylated DNA (Cooper 
1983). Based on these facts, bacteriophages carrying normal CpG dinucleotide relative 
abundance can be justified due to the unavailability of the required methyltransferases in 
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DOUBLE STRANDED DNA VIROME OF THE BOVINE RUMEN 
INTRODUCTION 
Viruses are the most abundant form of life on earth. Bacteriophages are viruses 
that infect bacteria and account for the largest number and diversity of the global virome 
(Regenmortel et al. 2000). The tailed bacteriophages are the largest group of bacterial 
viruses, and account for 96% of the reported bacteriophages. They are classified under 
the order of Caudovirales, which consists of three families; Myoviridae (24%), 
Siphoviridae (62%) and Podoviridae (14%) (King et al. 2012).It has been estimated that 
there are 10
31
 tailed bacteriophage particles present on earth, and if laid end to end would 
span up to 200 million light years (Krupovic et al. 2011). Ocean and lake waters contain 
an estimated number of 10
6
 phage particles per milliliter and 10
9
 phage particles per gram 
of sediment (Maranger and Bird 1996; Danovaro et al. 2001; Hewson et al. 2001). 
Bacteriophages are natural predators of bacteria and have an impact on bacterial 
population densities and community structure (Wilhelm and Suttle 1999; Rohwer et al. 
2009). There are about 10
24
 phage infections taking place every second maintaining the 
vast phage population inhabiting the global biosphere (Krupovic 2011). An estimated 
number 100 million metric tons (10
25
 microbial cells) are destroyed by viruses every 




microbial populations under the carrying capacity of the global biosphere (Rohwer et al. 
2009). Hence, phages have a profound effect on nutrient and biogeochemical cycling, 
horizontal gene transfer, antimicrobial resistance and bacterial virulence (Wilhelm and 
Suttle 1999; Casas and Rohwer 2007; Rohwer et al. 2009). Horizontal gene transfer 
refers to the process by which exchange of DNA occurs among different species. 
Transduction is one of the three main mechanism of horizontal gene transfer in which the 
genes move from one prokaryotic species to another via bacteriophages. Transduction 
plays an important role in evolution of microbial genomes (Jain et al. 2002). 
The viruses inhabiting the rumen of cattle are equivalent to any of the above 
mentioned environments in terms of number and diversity. It has been estimated that the 
bacteriophage count in a milliliter of rumen fluid is between 3 x 10
9
 and 1.6 x 10
10 
particles (Klieve and Swain 1993). Rumen bacteriophages play an important role in 
population dynamics of rumen bacteria, and they cause a specific and considerable lysis 
of bacteria (Klieve and Swain 1993). Lysis of crucial bacteria involved in metabolic 
pathways inside the rumen could alter the foregut fermentation and the total animal 
performance. However, very little is known about the diversity of bacteriophages inside 
the rumen and their effects on bacteria. Only one previous study reports on rumen virome 
and its diversity based on high throughput sequencing of virus enriched samples (Berg 
Miller et al. 2012). 
In general, a majority of the characterized bacteriophages contain double stranded 




stranded RNA, or double stranded RNA (Regenmortel et al. 2000). This study was geared 
to isolate the double stranded (ds) component of the rumen virome (this includes all tailed 
bacteriophages) and to study their diversity and role inside the rumen by high throughput 





MATERIALS AND METHODS 
Rumen fluid was collected from canulated steers fed with a high protein, hay-
based diet and filtered with 4 layers of cheesecloth to remove bigger particles. The 
resulting filtrate was then blended with a kitchen blender to detach virus particles 
associated with larger particles and bacteria. Next, the rumen fluid was centrifuged at 
8,000 rpm (Beckman Coulter Avanti J-E centrifuge with a JA-14 rotor) at 4
o
C for 20 
minutes to remove the smaller particles. The supernatant was pipetted out without 
disturbing the sediment and filtered through a 0.45µm filter (Surfactant Free Cellulose 
Acetate filter, Nalgene, Thermo Scientific) at 4
o
C. Then, the sample was further filtered 
through a 0.2m fine filter (Polyethersulfone filter, Nalgene, Thermo Scientific). 
Subsequently, the filtrate was centrifuged with 15% polyethylene glycol (PEG) 8,000 and 
2% NaCl at 15,000 rpm (Beckman Coulter Avanti J-E centrifuge with a JA-14 rotor) for 
2 hours at 4
o
C. The sediment was saved and dissolved in a virus isolation buffer (10mM 
Tris-HCl pH 7.5 with 10mM MgCl2). A CsCl block gradient and was prepared in an 
ultrahigh centrifugation tube (Beckman 16X76mm) by adding a 1.22g/ml CsCl solution 
over a 1.47g/ml solution. The interface between the two CsCl solutions was marked on 
the tube. Then, the virus isolation buffer from the previous step was carefully poured on 
top of the 1.22g/ml CsCl solution and spun at 40,000 rpm (Beckman L8-70M 
ultracentrifuge with a NVT-65 rotor) overnight (approximately 16 hours) at 4
o
C. The 
tube was pierced with a needle at the interface and the contents of the interface as well as 
material adhering to the wall of the tube were aspirated into a 1.5 ml tube. The aspirate 
was digested with DNase-I to remove any DNA floating outside the protein capsid of 




10X buffer, and 4U of DNase. This mix was then incubated at 37
o
C for one hour 
followed by inactivation of DNase by further incubating at 75
o
C for 15 minutes and 95
o
C 
for 5 minutes. The viral DNA was extracted with QIAamp DNA Mini kit (Qiagen, 
Valencia, CA, USA) following manufacturer’s protocol. The viral DNA was then 
subjected to restriction digestion with three enzymes Sau3AI, MseI, and FatI. Linker 
adapters were ligated to the digested viral DNA (Johnson 1990). Two modifed linker 
adapters were used with MseI and FatI.  
RESTRICTION DIGESTION OF VIRAL DNA 
A 25l digestion mix contained 1X NEBuffer and 1U of the enzyme (New 
England Biolabs, Ipswich, MA), and 200ng of viral DNA. For the enzymes MseI and 
Sau3AI, the above mix was supplemented with BSA at a final concentration of 100g/ml 
and incubated at 37
o
C for 1 hour for digestion. The digestion mix for FatI was incubated 
55
o
C for 1 hour. All three digested products were incubated at 65
o
C for 20 min to heat 
inactivate the enzymes. 
LINKER ADAPTER LIGATION 
1M linker adapter solution was prepared by mixing the two primers described in 
Fig. 4. In order to make the linker adapters, this primer mixture was heated to 95
o
C and 
then ramped to 4
o
C by cooling the sample at 0.1
o
C per second in a MJ dyad thermocycler 
(MJ research, Watertown, MA). Next, the linker adapters were ligated to the restriction 




adapter prepared above, 5U of T4 ligase (Fermentas Inc. Glen Burnie, MD) and 30ng of 
digested viral DNA. The ligation mix was incubated at room temperature for 30 min. 
A single primer based on the linkers were used to PCR amplify the DNA. A 25l 
PCR reaction contained ~ 3ng viral DNA, 1X PCR buffer (Promega, Madison, WI, 
USA), 1.5mM MgCl2, 15 picomoles of the primer (GGATTTGCTGGTGCAGTACA), 
200μM dNTPs, and 1.5U Taq DNA polymerase (Promega, Madison, WI, USA). The 
cycling conditions were: one cycle of 2 min at 95ºC, 30 sec at 60ºC, 60 sec at 72ºC 
followed by 34 more cycles of 30 sec at 95ºC, 30 sec at 60ºC, 60 sec at 72ºC and a final 
extension of 2 min at 72ºC. This whole process is schematically shown in Fig. 4. Parallel 
DNA extractions were carried out with and without proteinase K digestion during the 
viral DNA extraction process to confirm that the resulting DNA was encapsulated by a 
protein coat. Transmission electron microscopy was carried out by negative staining of 
CsCl purified material to confirm that the samples did not contain any cellular organisms 
such as bacteria and organelles such as mitochondria or chloroplast.  
The above PCR products were sequenced using tag-encoded FLX amplicon 
pyrosequencing (bTEFAP) using a Roche 454 FLX Genome Sequencer system. 
Following sequencing, tags, primers, low-quality sequence ends, and chimeric sequences 
were removed (Bailey et al. 2010). The putative viral sequences were annotated using 
blastn, tblastx and blastp searches with the BLAST2GO program 
(http://www.blast2go.com/b2ghome) against the NCBI non-redundant database. An e-
value cutoff of 10
-6
, high scoring segment pair (HSP) cutoff length of 33, and a maximum 




value hit filter 1e-6, annotation cutoff 55and GO weight 5) to assign the respective 
functions associated with the Gene Ontology (GO) terms. The resulting xml files were 
corrected for missing and duplicate sequences. Then, the xml files were manually 
formatted and imported to the metagenomic analyzing software MEGAN version 4.62.5 
to assign sequences to taxonomic classes, and to perform SEED, and KEGG analysis.  A 
bit score cutoff value of 50 was used to classify sequences in MEGAN. Gene Ontology 
analyses were conducted in the Blast2GO program with an alpha score of 0.6. 
TRANSMISSION ELECTRON MICROSCOPY 
Negatively stained virus particles were observed under a transmission electron 
microscope. The sample, CsCl gradient purified viral particles dissolved in virus isolation 
buffer, was placed on a carbon coated grid, and allowed to sit for one minute.  Then, the 
excess liquid was wicked off with a piece of filter paper.  Next, a drop of 2% 
phosphotungstic acid was added onto the gird, allowed to sit for one minute, and wicked 
off with a filter paper.  Finally, grid was allowed to dry and observed under a JEOL JEM-





Transmission electron microscopy revealed that the samples only contain viral 
particles after filtering and enriching for viruses. The most commonly observed viral 
particle type was tailed bacteriophages (Fig. 6). Parallel DNA extractions with and 
without proteinase K proved that there was no free floating DNA in the extraction and all 
recovered DNA was covered in a protein The sample subjected to proteinase K released 
protein encapsulated DNA, while the sample without proteinase K did not release the 
DNA inside the viral capsid and did not produce any PCR amplification (Fig.5). Also, 
this further proved that the sample did not have any floating double stranded DNA 
outside the viral particle after DNase-I treatment. We further confirmed the absence of 
bacterial DNA by performing a 16S rRNA gene-based PCR assay (data not shown).  
Three restriction enzymes, with four nucleotide recognition sites were used to 
digest viral DNA before the linker mediated PCR amplification as described in the 
method section. This was designed to generate overlapping sequence reads, which later 
allows contig generation. The three enzymes used were carefully selected to maximize 
the resulting sequence coverage, to avoid star activity, and for being heat labile for easy 
inactivation. Further, this method yields restriction digested DNA fragments with 
overhang sequences. The DNA fragments with overhang sequences are extremely 
efficient in binding to the linker adapters compared to the blunt end DNA fragments. 
Subsequent improved sensitivity of the DNA amplification process is very useful when 
working with very small quantities of DNA. After high throughput sequencing of the 
amplified DNA, viral contigs were generated using GS De Novo Newbler Assembler 




software have over assembled the sequences into false contigs even at a high level of 
stringency (40bp overlap with a maximum of 10% mismatches) reducing the viral 
diversity. There are other viral metagenomics studies that have reported similar 
observations (Breitbart et al. 2002). Therefore, the putative viral sequences were analyzed 
as separate and individual reads. 
A total of 184,104 sequences were obtained by Roche 454 pyrosequencing, and 
after quality trimming 147,734 reads of highest quality were used for downstream 
analysis. The blastn information processed by MEGAN (Huson et al. 2011) gave an 
overview of the distribution of sequences among different taxonomic classes (Fig. 7A). 
However, a majority of the sequences (96.6%) did not have any homologous sequences 
in public databases. The rest of the putative viral sequences showed a similarity to 
bacteria (3.4%), known viruses (0.6%), eukaryotes (0.2%), and archaea (~0.0%) above a 
bit score of 50. With the tblastx analysis, the number of unidentified putative viral 
sequences decreased to 80.8% (Fig. 7B) with the same bit score in MEGAN. As a result 
the amount of putative viral sequences showing a similarity to bacterial (13.5%), known 
viral (4.7%), eukaryotic (0.2%), and archaeal (0.1%) sequences turned out to be 
comparatively high.  
Fig. 8 shows a detailed overview of the viral sequence classification in MEGAN 
based on the tblastx annotations. Out of the putative viral sequences annotated as viruses, 
85% belonged to the order Caudovirales. Other sequences belonged to all three families 
of the tailed bacteriophages; Myoviridae (13.8%), Podoviridae (1.5%), and Siphoviridae 




Blastx search gave the highest number of annotations (26.6%) for the putative 
viral sequences compared to blastn (4.4%) and tbalstx (19.2%). Fig. 7C depicts the 
taxonomic diversity of the putative viral sequences in the bovine rumen based on the 
blastx search. This improvement is predominantly due to a high number of annotations 
obtained for viral sequences resulting in similar proteins already described in bacteria 
(22%) compared to the tblastx search (13.5%). The functions of these viral genes were 
studied based on GO annotations. An overview of the GO terms related to biological 
processes that are associated with putative viral genes is shown in Fig. 9A. A majority of 
the viral genes were related to metabolic processes (45%), cellular processes (38%), 
biological regulation (6%), and cellular component organization and biogenesis (5%). 
Specific biological processes associated with the annotated viral genes are given 
in Fig. 9B. There were many viral genes related to peptidoglycan (a component in the cell 
wall of bacteria) catabolism, DNA methylation, viral genome packaging, regulation of 
transcription, nucleotide biosynthesis, protein splicing, DNA replication, and tRNA 
metabolism. The molecular functions of the annotated viral genes are presented in Fig. 
10A. Out of the annotated viral genes, 32% belonged to hydrolases, 27% binds to nucleic 
acids, and 25% had transferase activity. Figure 10B provides the specific molecular 
functions of the most abundant putative viral genes. These molecular functions include: 
nucleoside triphosphatase, ATP binding, DNA and RNA polymerase, DNA 






This study was designed to isolate the double stranded (ds) DNA component of 
the rumen virome and to study its diversity and role inside the rumen by high throughput 
sequencing methods. Transmission electron microscopy in combination with several 
other quality control steps ensured the presence of only viral DNA in the samples. This is 
particularly important in studying the viral metagenomes of complex environments such 
as the bovine rumen or human gut with a complex assortment of microorganisms. These 
microorganisms have nucleotide sequences with little or no similarity to the sequences 
present in public databases. With the increasingly available bacterial sequence data in 
pubic databases, novel bacteriophage and other viral sequences are often misidentified as 
many viral sequences are present in bacteria as proviral sequences. During high 
throughput shotgun sequencing even a slight contamination of viral metagenomic DNA 
by any extraneous DNA such as bacterial DNA could make a relatively high contribution 
to the viral DNA pool due to larger genome sizes of bacteria compared to that of viruses. 
For an example E.coli K-12 genome size is about 4.6 million base pairs (Blattner et al. 
1997) and the average phage genome size range is 15,600-27,200 base pairs (Angly et al. 
2009). A contamination resulted from a single bacterial genome could contribute up to 
200 times the DNA of a bacteriophage. Out of the putative viral sequences obtained, only 
about 26% could be annotated using the information present in the public databases. This 
indicates the lack of information available for the rumen virome and the future potential 
in exploring the dsDNA virome of the rumen. It is a well-accepted that about 50-90% of 
the viral metagenomes present in complex environments such as animal gut do not code 




Rohwer 2005; Kristensen et al. 2010). In this study, a higher level of similarity was 
observed with viral sequences at protein level than at nucleotide level. This is probably 
due to the degeneracy of the genetic code and selective pressure driving to conserve viral 
proteins. Only 4.7% of the putative viral sequences identified in this study had a 
significant similarity to the viral sequences in GenBank. Out of these sequences 85% 
belong to the order Caudovirales. This is not entirely surprising since this group is 
comprised of tailed bacteriophages. Tailed bacteriophages are the most abundant type of 
viruses present in the rumen (Klieve and Swain 1993). During sample preparation, rumen 
samples were enriched for bacteriophages initially and then, selected only the double 
stranded component of the rumen virome by a selective DNA amplification process. A 
vast majority of known bacterial viruses are tailed bacteriophages and have dsDNA 
genomes, which is the target for our linker mediated amplification process. There are 
only a few examples of phages that lack tails or have single stranded (ss) DNA or RNA 
genomes.  The rumen ecosystem has a diverse population of bacteria and the estimated 
bacterial cell count in a milliliter of rumen fluid is 10
9
 cells (Hungate 1966; Miron et al. 
2001). This makes the rumen an ideal environment to study the dsDNA containing 
bacteriophage diversity. Viral sequences belonging to all three families of the order 
Caudovirales were found in this study. Among the annotated viral sequences the 
members of the family Siphoviridae were the most abundant in the rumen virome.  
A study conducted by Berg Miller et al. (2012) reported that the prophages 
outnumber the lytic phages approximately by a ratio of 2:1 in the rumen ecosystem. 
However, it is not clear in this report whether prophage refers to the bacterial prophage 




failed to completely isolate viral DNA. Also, the authors report that these prophages or 
viral sequences similar to known prophage elements in bacteria were mainly coming 
from Firmicutes (68±1) and Proteobacteria (18±1). The Bacteroidetes related prophages 
were relatively low (8±1) in abundance. Further, this paper reports that approximately 2% 
of the sequences had a significant similarity to known viral sequences deposited in 
GenBank and 72%±1 did not have any significant hits (based on tblastx search with an e-
value cutoff of 10
-3
). In the present study, 3.7% of the sequences could be annotated to 
viral sequences in GenBank (with an e-value cutoff of 10
-6
and a bit score cutoff of 50), 
and 73% of the sequences did not have any significant hits. These sequence annotation 
statistics were similar between the two studies beside the differences in methodology and 
samples. Many lytic phage particles sharing sequence similarity with bacteria (previously 
identified prophages and unidentified prophage regions) were found in the present study. 
These lytic phages had sequence similarity to Firmicutes (56%), Bacteroidetes (13%), 
Proteobacteria (3%), Actinobacteria (3%), Spirochetes (0.4) and other rumen bacteria and 
prophages found in them (25%). Firmicutes and Bacteroidetes are considered as the most 
abundant rumen bacterial phyla under the both high concentrate and high forage diets 
(Fernando et al. 2010). This information provides an insight to the rumen bacteriophage 
host range. It has been estimated that 60% of the sequenced bacterial genomes contain a 
minimum of one prophage sequence and on average about 3% of the bacterial DNA is of 
viral origin (Edwards and Rohwer 2005). The relative abundances of the sequences 
belonging to Siphoviridae (70%), Myoviridae (13.77%), and Podoviridae (1.54%) 
families found in the our study was significantly different from what is described by Berg 




Viruses carry minimum amount of genetic material essential for their propagation 
since viruses are under a continuous pressure to minimize their genome size to sustain 
and produce virus particles within a host replication cycle. As the genomes get bigger, the 
capsids have to be larger in size requiring more time and energy to be synthesized. 
Therefore, the conventional thinking does not support the presence of certain genes in the 
viral genomes that are redundant with the host genome. With recent advancement of 
metagenomic techniques scientist have found that viruses do carry certain host genes 
when it is advantageous. (Lindell et al. 2005). Results of the present study revealed that 
the rumen viruses carry nucleoside triphosphatase, DNA and RNA polymerase, DNA 
methyltransferase and many other redundant genes with their host genomes. Several 
previous studies have reported similar findings with respect to bacteriophages (Breitbart 
et al. 2002; Reyes et al. 2010). 
In order to investigate the possible role of rumen viruses, a detailed analysis of the 
annotated viral genes was conducted. It was found that the sequences associated with the 
GO term nucleoside triphosphatase were DNA helicases with nucleoside triphosphatase 
activity. DNA helicases are motor proteins that separate double stranded nucleic acids 
using energy derived from hydrolysis of nucleoside triphosphates and play a key role in 
DNA replication. DNA helicases with nucleoside triphosphatase activity has been 
described in viral genomes previously (Xu et al. 2005; Xiang et al. 2012). The sequences 
annotated as DNA helicase had a very low sequence homology to the previously 
described viral DNA helicases at DNA as well as protein levels. This hindered the 





This study sheds light on the diversity of the dsDNA virome of the rumen. An 
improved understanding of viral diversity and viral gene pool in the gut microbiome 
would definitely alter the perception of future animal scientists when feeding livestock to 
maximize feed efficiency toward an increased animal performance by promoting a 
























Figure 4. Schematic diagram showing the linker mediated PCR amplification process 
Restriction digestion 
Linker Adapter Ligation 
PCR amplification using a single primer 
Viral DNA 
The linker adapter described by Johnson, 
1990 
 5’P-GATCTGTACTGCACCAGCAAATCC3’ (SaU3A1) 
       3’ACATGACGTGGTCGTTTAGG5’ 
 
Linker adapters designed in this study 
 
 5’P-CATGTGTACTGCACCAGCAAATCC3’ (FatI) 
       3’ACATGACGTGGTCGTTTAGG5’ 
 
   5’P-TATGTACTGCACCAGCAAATCC3’ (MseI) 








Figure 4. Schematic diagram showing the linker mediated PCR amplification process. 
Blue and green lines represent the double stranded viral DNA. Red and yellow lines 
represent the restriction enzyme recognition sequences. Purple and blue lines show the 
linker adapters with the red colored overhang sequence, complementary to the opposite 
strand restriction enzyme recognition site. The short blue lines indicate the single PCR 














Figure 5. Agarose gel electropherograms with viral DNA amplicons 
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Figure 5. Agarose gel electropherograms with viral DNA amplicons. Fig. 5A. Lane 1 
DNA size standard. Lanes 2, 3, and 4 - Sau3AI, MseI and FatI digested DNA 
respectively. Lanes 5 and 6 were positive control (rumen DNA) and negative control 
(water) respectively. Fig. 5B. Shows PCR products of the material through parallel DNA 





























Figure 6. Transmission electron micrographs of negatively stained virus particles. In 
transmission election microscopic studies, the most commonly observed viral type was 
tailed bacteriophages. These images show a fraction of the various head and tail 


































C) BLASTX Summary 
No hits/not assigned Bacteria Archaea Eukaryota





Figure 7. Similarity of the isolated rumen viral sequences to the domains of life and 
viruses. The summary was generated using MEGAN metagenomic analyzer based on the 
tblastx and blastx searches against GenBank non-redundant databases. The e-value was 
set at 10E-6 in blast searches, and the bit score cut-off was set at 50 to assign taxa in 
MEGAN. For any sequence having more than one hit above the threshold values from 
two different taxa were pushed to the root of the two taxa in MEGAN. i.e. cellular 










































Figure 8. Taxonomic classification of the putative rumen viral sequences. The outer 
circle of Fig. 8A shows the proportions of tblastx hits classified under the order 
Caudovirales and other viral sequences in MEGAN above a bit score value of 50. The 
order Caudovirales is represented by three tailed bacteriophage families namely 
Siphoviridae, Myoviridae and Podoviridae. The inner circle shows the distribution of 
Caudovirales hits among its three families. There were few other viral families 
encountered in the study, apart from the unclassified viruses, and are unable to see in 
Fig.8A corresponding to “other” in the outer circle due to their low numbers. Fig. 8B 
shows the distribution of tblastx hits among bacterial phyla. This group is represented by 
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Figure 9. Biological processes associated with the bovine rumen virome. The abundance 
and distribution of GO terms related to biological processes associated with the viral 
sequences retrieved by the BLAST2GO program (based on blastx) is shown in Fig. 9. 
Fig. 9A gives a general overview of the spectrum of biological processes while Fig. 9B 




Fig. 10A) GO terms of molecular function (level-3) 
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Figure 10. Molecular functions associated with the bovine rumen virome. Fig. 10A 
shows an overview of the GO terms related to molecular function associated with the 
viral genes. A majority of the genes found to be hydrolases and transferases with nucleic 
acid binding capability. Fig. 10B provides a more detail description of the functions 
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DOUBLE STRANDED VIRAL DNA METHYLOME OF THE BOVINE RUMEN 
INTRODUCTION 
Epigenetics provides an additional stability and diversity to the phenotype of a 
cell by modifying the process of transcription through methylating nucleotides that are 
maintained or regenerated during cell division (Laird 2010). In eukaryotic organisms 
methylation of a cytosine base at the fifth carbon atom is a common epigenetic landmark. 
Numerous methyltransferases have been found in higher eukaryotes, prokaryotes, and 
viruses that methylate the fifth carbon of the pyrimidine ring of a cytosine base (Kumar et 
al. 1994). In prokaryotes, DNA adenine methyltransferase (Dam) recognizes a specific 
tetranucleotide sequence, ‘GATC’, and methylates the second adenine base. Similarly, 
DNA cytosine methyltransferase (Dcm) methylates the fifth carbon atom of the second 
cytosine bases in specific sequences identified as ‘CCAGG’ and ‘CCTGG’ (Marinus and 
Morris 1973; May and Hattman 1975) in prokaryotes. There are many other 
methyltransferases described in prokaryotes (Kumar et al. 1994). These methylated 
residues in bacteria are mainly important in restriction-modification systems and 
mismatch repair strand discrimination (Laird 2010). Bacteria and archaea are known to 





Unmethylated restriction sites have been shown to be vulnerable to bacterial restriction 
enzymes, while methylated restriction sites either have a reduced affinity or no affinity to 
restriction enzymes (Yuan and Meselson 1970; Smith 1979). There are reports of 
bacteriophages carrying methylated bases (May and Hattman 1975). For an example one 
study has found that nearly 50% of the bacteriophage lambda DNA is Dam methylated 
(Pirotta 1976), and the level of methylation is probably decided by the time period 
between DNA replication and packaging into the phage head. DNA sequences coding for 
several methyltransferases have been found in bacteriophage metagenomes (Breitbart et 
al. 2008).  
In mammals, two to seven percent of the total cytosine is converted to 5-
methylcytosine after new DNA is synthesized by the action of DNA methyltransferases 
(Vanyushin et al. 1970). Methylation of cytosine residues plays an important role in gene 
expression and differentiation in higher eukaryotes (Razin and Riggs 1980). Eukaryotic 
DNA methyltransferases (DMTs) can be broadly categorized into five families: 1) 
DNMT1 or maintenance DMT family, 2) DNMT2 family, 3) DNMT3 or de novo DMT 
family, 4) plant-specific chromomethylase (CMT) family and 5) fungal-specific DMT-
like family (Goll and Bestor 2005). In eukaryotes, methylation of DNA takes place at 
DNA replication forks in a cell cycle dependent manner (Liu et al. 1998). Eukaryotic 
DNA methyltransferases have shown to methylate CpG islands of prokaryotic and viral 
DNA (Simon et al. 1978). It is not clear why a dsDNA viral genome present in the 
nucleus should not be methylated (Karlin et al. 1994). It is possible to think that 




There are reports of presence of exclusive CpG methyltransferases in bacteria as well 
(Renbaum et al. 1990). There are reports of epigenetic regulation of viral genomes 
associated with latent infections. In neurotropic herpesviruses, precursors to infectious 
progeny are not methylated. The latent genomes of lymphotropic herpesviruses have 
found to be extensively methylated. Further, the immediate early locus of the latent 
genomes of cytomegaloviruses has been shown to be methylated (Honess et al. 1989).  
Some of the DNA methyltransferase coding sequences isolated in the present 
study had a significant similarity to cytosine-5-methyltransferases identified from mouse 
ESTs (AF071754-unpublished), higher plants (e.g. accessions XM_002534542, 
NM_001247819-unpublished), fungi (DmtA) and CpG methyltransferases found in 
bacteria. (Renbaum et al. 1990; Machida et al. 2005). DNA methyltransferase A (DmtA), 
which was isolated form Aspergillus nidulans, was shown to be important in formation of 
viable ascospores (Lee et al. 2008). Therefore, DmtA may have an important epigenetic 
role in regulation of gene expression in fungi. The authors of the above mouse EST study 
have observed some in-frame stop codons in the sequence. And further, the authors have 
not been able to detect any hybridization signal, with respect to this particular sequence 
AF071754, on a Mus musculus DNA blot. These evidences suggest that this particular 
EST probably may have resulted from transcription of viral DNA. The incidental finding 
of cytosine-5-methyltransferse coding sequences in viral genomes was further 
investigated by examining the sequences obtained by digesting with Sau3AI restriction 
enzyme prior to linker mediated PCR amplification. In these sequences, the presence of 
CpG methylation should be evident as undigested 5’GATC 3’ sites in between the 




CGATC pentanucleotide sequences). Sau3AI restriction enzyme is blocked when a 
methylated CpG site overlaps with their recognition sequences (New England Biolabs 
Inc., Ipswich, MA). The presence of such undigested CGATC pentanucleotide sequences 
were observed in the viral sequences. However, this observation could also have resulted 
from partial digestion of viral DNA with Sau3AI enzyme. The above observations 
suggest the presence of CpG methylation in the viral metagenome isolated from the 
bovine rumen with a certain degree of confidence. Interestingly, neither the CpG 
methylation of bacteriophage DNA nor methylation of metagenomes isolated from 





MATERIALS AND METHODS 
RESTRICTION DIGESTION OF VIRAL DNA 
Double stranded viral DNA isolated, according to the procedure detailed in 
chapter two, was digested with three restriction enzymes Sau3AI, MseI and FatI. A 25l 
digestion mix contained 1X NEBuffer and 1 U of the enzyme (New England Biolabs, 
Ipswich, MA) and 200ng viral DNA. For MseI and Sau3AI above mix was supplemented 
with BSA at a final concentration of 100g/ml and incubated at 37
o
C for 1 hour for 
digestion. The digestion mix for FatI was incubated 55
o
C for 1 hour. All three digested 
products were incubated at 65
o
C for 20 min to heat inactivate the restriction enzymes. 
ISOLATING CPG METHYLATED VIRAL DNA 
In order to separate and enrich methylated viral DNA, a commercial kit was used 
(Methylation Promoter PCR Kit, Panomics Inc., Redwood city, California).  Since this kit 
has been optimized to work with larger amounts of eukaryotic DNA, certain modification 
to the manufacturer’s recommended protocol were introduced to make the kit compatible 
with small quantities of viral DNA available. Four basic steps are involved in this 
procedure: 1) Restriction digestion of DNA, 2) The resulting DNA fragments are then 
incubated with MeCP2, which is a methylation binding protein, 3) isolation methylated 
DNA fragment using a separation column 4) PCR amplification of isolated DNA 
fragments.  In the modified protocol, the DNA purification step after restriction digestion 
before incubating with the MeCP2 was excluded and an additional cycle of column 





PCR AMPLIFICATION OF METHYLATED DNA 
Double stranded methylated viral DNA isolated in the previous step was PCR 
amplified using a sequence independent linker adapter mediated process described in 





DNA without methylated CpG dinucleotides will not bind to the methylation 
binding protein (MeCP2) and subsequently to the separation column provided with the 
Methylation Promoter PCR kit (Cross et al. 1994). During washing of the separation 
column such unbound DNA gets washed away. Only the DNA bound to MeCP2, i.e., 
DNA with CpG methylation sites, is retained in the separation column after the washing 
step. Then, the separation column bound DNA can be eluted and presence of CpG 
methylated DNA can be confirmed by PCR. An absence of a PCR product in the final 
step indicates that the DNA in the sample was not CpG methylated. Based on the findings 
of this experiment it is quite conclusive that the viral DNA isolated from the rumen 
contains methylated CpG dinucleotides (Fig. 11).  
Several controls were used in the CpG methylation detection experiment to assure 
that even a minute quantity of methylated viral DNA results in a positive PCR reaction 
while unmethylated DNA is totally removed from the separation columns during washing 
avoiding any false positive reactions. Adding CpG methylated template DNA at two 
different concentrations helps to overcome false negative PCRs if the methylated viral 
DNA is minute and becomes a limiting factor (Fig. 11). After the restriction digestion of 
viral DNA, and control DNA provided with kit, a purification of the digested DNA is 
recommended by the manufacturer. This step was omitted in our experiment to avoid any 
losses of DNA since the starting viral DNA amount was low compared the recommended 
DNA amount. Therefore, additional controls were included in the experiment to monitor 
whether any PCR inhibitors are coming through prior steps. The third well of gel 




viral DNA isolated by the kit (methylated DNA) which has been spiked with some 
extraneous DNA known to give a positive PCR reaction. If this control fails to amplify 
DNA during PCR there is an impurity in the template DNA. The commercial kit used to 
separate methylated DNA provides CpG methylated DNA to be used as a control. This 







The findings of this experiment confirmed the presence of CpG methylated DNA 
in rumen virome. This is the first time a CpG methylation is being reported by a 
metagenomics study. To the best of our knowledge, there are no previous reports of CpG 
methylated DNA found in bacteriophages. It was experimentally demonstrated that viral 
DNA subjected to CpG methylation in the presence of a cytosine-5-methyltransferase 
results in an altered gene expression, though many viral genomes do not carry the genetic 
information to code for cytosine-5-methyltransferases (Youssoufian et al. 1982; Hu et al. 
1991; Minarovits et al. 1991). The exception with bacteriophages is that their hosts 
(bacteria) generally are not known to carry the methyltransferases required for CpG 
methylation. However, there are few reports of bacterial methyltransferase capable of 
producing CpG methylation (Renbaum et al. 1990). Hence, it is not impossible to assume 
that phage DNA could undergo CpG methylation although it has not been reported 
previously. There is a fine balance between bacteriophages and their hosts in all studied 
environments (Rohwer et al. 2009; Reyes et al. 2010). Not all bacteria of a particular 
species or strain are completely eliminated by their parasitic phages. Besides from the 
protection they get from the restriction enzymes, CpG methylation is shown be important 
in keeping this fine balance between bacteria and their phages (Burkhart et al. 1992; 
Kashlev et al. 1993), which needs to be further investigated. DNA methylation patterns of 
environmental samples could provide valuable information about how microbial gene 
expression is epigenetically regulated, if such mechanism exists. Further, we believe that 












Figure 11. Linker mediated PCR amplification of CpG methylated DNA.  
First lane contained the DNA size standard (100-1000 bps). The second and third lanes 
were loaded with PCR products resulted from MeCP2 bound template DNA at 1X and 
2X concentrations, respectively. Fourth lane consists of MeCP2 bound viral DNA, which 
has been spiked with a control DNA sample known to result in a positive PCR reaction. 
The Fifth lane contains a PCR product obtained using the control methylated DNA 
provided with the kit. The seventh lane contains a PCR reaction from column purified 
unmethylated viral DNA (negative control). The gel was made with 1.2% agarose.  
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Rumen microbiome is a complex ecosystem consisting of bacteria, fungi, 
protozoa and viruses. Anaerobic fungi (AF) are an integral part of this ecosystem. Rumen 




 per milliliter of rumen fluid 
based on the zoospore count (Mountfort and Orpin 1994). AF play a significant role in 
plant material digestion inside the rumen (Lowe et al. 1987; McSweeney et al. 1994; 
Orpin and Joblin 1997). However, very little information is available on the role and 
diversity of the fungal component in the rumen ecosystem. AF were first discovered in 
1975 (Orpin 1975) and they were originally classified as Chytridiomycetes based on their 
thallus morphology and the presence of chitin in their cell walls (Orpin 1976; Orpin 
1977). AF have been now classified under a new phylum called Neocallimastigomycota 
based on extensive molecular phylogenetic studies (Hibbett et al. 2007). It is believed 
that have evolved from free-living chytridiomycetes to survive the anaerobic conditions 
in the digestive tract of their herbivorous hosts (Heath 1988). 




However, they have not been isolated from any other anaerobic, terrestrial or 
aquatic habitat so far. AF have been formally classified into six genera; Neocallimastix, 
Piromyces, Caecomyces, Orpinomyces, Cyllamyces and Anaeromyces, based on the 
morphology of their thalli, number of flagella present in zoospores and development. So 
far, over 20 species have been named and described under these six genera (Griffith et al. 
2009). These species have been recognized according to the taxonomic convention by the 
ultrastructure of zoospores (Heath et al. 1983; Orpin and Munn 1986; Webb and 
Theodorou 1991). The validity of this classification has been debated due to occurrence 
of natural morphological variants within the same species of AF (Ho and Barr 1995). 
Age, method and quality of preparation for identification are some of the factors that 
could adversely affect the morphology based classification schemes. 
The study of AF was hindered for many years since their discovery due to 
unavailability of convenient and reliable methods for accurate identification, 
differentiation and enumeration (Orpin 1994; Brookman et al. 2000). Over the past few 
decades, various methods have been used to identify and quantify rumen AF with varying 
degrees of success. Most Probable Number (MPN) technique, a commonly used 
enumeration technique in microbiological work (McCrady 1915), has been adapted to 
enumerate AF (Theodorou et al. 1990). MPN technique is based on the culture of AF and 
has the tendency to underestimate the true population. In order to overcome the 
limitations associated with culturing of fastidious AF, a chitin assay capable of 
quantifying rumen biomass has been introduced (Gordon and Phillips 1989; Gay 1991). 




et al. 2004) and lower extraction efficiencies with certain substrates (Davies 1991). 
Therefore, the greatest promise in identifying and quantifying AF remains with 
metagenomic techniques (Griffith et al. 2009). 
The controversy of gut fungal classification using classical methods is apparent 
throughout the literature. Neocallimastix frontalis (Heath et al. 1983) is the first AF 
species that have been formally classified. The very first gut fungal isolate described by 
Orpin (1975) differed in various aspects to N. frontalis isolate described by Heath et al. 
and, as a result reclassified later as N. patriciarum (Orpin and Munn 1986). So far, three 
species of Neocallimastix have been described: Neocallimastix frontalis (Heath et al. 
1983), N. patriciarum (Orpin and Munn 1986) and N. hurleyensis (Webb and Theodorou 
1991). A reclassification of N. frontalis and N. patriciarum into a single species has been 
proposed by Ho and Barr in 1995. Some of the polycentric fungal species also have been 
renamed since they were first described. The genera Sphaeromonas and Piromonas were 
renamed as Caecomyces and Piromyces, respectively (Gold et al. 1988). Ruminomyces 
elegans was renamed as Anaeromyces elegans (Ho et al. 1990; Ho et al. 1993).  
After the invention of PCR (Mullis et al. 1986) the field of molecular genetics 
developed rapidly. Dore and Stahl (1991) and later Bowman et al. (1992) have used 18S 
ribosomal RNA (rRNA) gene sequences to classify AF. These studies support the fact 
that AF evolved from free living Chytridiomycetes fungi. However, the inter-
relationships of AF, at genera or species level, have not been discussed in the above 
studies, probably due to limited variability in the 18S rRNA genes. In another study, the 




regions was used in a comparative sequence analysis (Li and Heath 1992). Unlike the 
18S rRNA genes, ITS-1 region (and also ITS-2 region) is not well conserved among 
species and strains of AF due to less evolutionary pressure. This particular study based on 
ITS-1 region reports that the genera Orpinomyces, Neocallimastix, and Piromyces are 
closely related to each other and are distantly related to the genera Anaeromyces and 
Caecomyces. In a later study conducted by Li et al. (1993), made an attempt to determine 
the phylogenetic relationships of the AF using a cladistic analysis of 42 morphological, 
ultrastructural and mitotic characters. This method has improved the resolution, but the 
ambiguity of interrelationships among AF remains. 
Brookman et al. (2000) have attempted to identify the phylogenetic relationships 
among Neocallimastix and Piromyces isolates, together with a smaller number of 
polycentric isolates using DNA sequence information. According to this study 
Neocallimastix has formed a single clade. However, N.hurleyensis and N. frontalis have 
clearly separated from N. patriciarum and the other Neocallimastix isolates in the clade. 
Therefore, this study reports two broad groups of Neocallimastix; N. patriciarum-like and 
N. frontalis-like. These findings suggest at least there are two Neocallimastix species as 
exemplified by N. patriciarum and N. frontalis. Brookman et al. further reports that the 
Piromyces and Anaeromyces sequences groups together and is separated from 
Neocallimastix consistently in all dendrograms.  
Recently, a wide scale study on AF communities in thirty different herbivore 
species has been conducted using ITS-1 region as the phylogenetic marker (Liggenstoffer 




public databases compared to what was present prior to this study (Only 236 AF 
sequences as of Oct 2009). Yet, this large number of sequence were not annotated at 
genera or species level, probably due to the selection of a poorly conserved ITS-I region.  
Besides the ambiguity in classification of AF based on conventional methods, the 
laborious nature and requirement of a high level of expertise have compelled the search 
for better molecular-based techniques to classify AF. AF are also extremely resistant to 
culture. Therefore, culture independent molecular-based techniques such as 
metagenomics appear to be the state of the art in studying rumen fungal communities. 
Having said that, there are several challenges that needs to be overcome when studying 
AF using metagenomics. Rumen contains many sources of rRNA genes such as plant 
material, protozoa, sloughing off host animal cells etc. and it is quite challenging to 
design very specific primers for AF due to the high conservation of rRNA genes. 
Additionally, such primers should amplify a region with enough variability to 
differentiate between species of AF. In this study, we were able to study the AF diversity 






MATERIALS AND METHODS 
Rumen contents were collected from Angus steers fed on a high protein and hay 
diet. The samples were immediately frozen in liquid nitrogen and then at -80
o
C until 
DNA was extracted. Samples were ground in liquid nitrogen and, total DNA was 
extracted following a protocol that uses CTAB buffer. (2.5 g of CTAB + 10.33 g NaCl + 
5 ml of 0.5 M EDTA at pH 8.0 + 12.5 ml 1 M Tris at pH 8.0 + water up to 125 ml). To 
0.6 g of ground rumen contents 10 ml of CTAB buffer, containing 0.3 mg/ml proteinase 
K, was added and homogenized briefly. Then, the samples were incubated at 65
o
C for 30 
min. Once the samples have reached room temperature, they were extracted with an equal 
volume (10ml) of chloroform and isoamyl alcohol (24:1). An equal volume of 
isopropanol was added to the supernatant saved in the previous step and DNA was 
pelleted by spinning at 8,000 g for 10 min at room temperature. The resulting DNA pellet 
was resuspended in 200 l of distilled water and 5 l of RNase (50mg/ml) was added. 
The samples were then incubated at room temperature for 20 min. Samples were then 
extracted with an equal amount of phenol, chloroform, and: isoamyl alcohol mixture 
(25:24:1) at pH 7.9. Afterwards, DNA was precipitated using ethanol to remove any 
impurities remaining that could inhibit subsequent PCR amplification. Finally, the 
precipitated DNA was resuspended in 100 l of distilled water.  
A novel set of degenerate PCR primers were designed, after aligning all 236 
rRNA gene sequences that were available in public databases as of Oct 2009 (For – 5’ 
AAAAGTTGGDCAAACTTGGTC 3’ and Rev – 5’ AGATCCRTTGTYAAAAGTTG 




5.8S rRNA genes. The length of this amplicon is about 400 base pairs based on multiple 
sequence alignment used to design the primers. A 25 l PCR contained about 100 ng of 
total DNA, 1X PCR buffer (Promega, Madison, WI, USA) 1.5 mM MgCl2, 15 picomoles 
of each primer, 200 μM dNTPs and 1.5 U Taq DNA polymerase (Promega, Madison, WI, 
USA). The cycling conditions were: one cycle of 4 min at 95º C, 30 sec at 55º C and 40 
sec at 72º C followed by 34 more cycles of 30 sec at 95º C, 30 sec at 55º C, 40sec at 72º 
C and a final extension of 2 min at 72º C. Next, approximately an equal amount of PCR 
product resulting from 4 separate samples were pooled together and gel purified. The 
resulting amplicons were in the range of 250-400 bps (Fig. 12). Later, the gel purified 
PCR product was sequenced using tag-encoded FLX amplicon pyrosequencing 
(bTEFAP) using a Roche 454 FLX Genome Sequencer system. Following sequencing, 
tags, primers, low quality sequence ends and chimeric sequences were removed (Bailey 
et al. 2010).Then, the sequences were annotated using a blastn search. Two putative 
sequence divergence cutoff values were used to classify sequences at species (4.80%) and 






The protocol that has been developed to isolate rumen DNA and subsequent 
cleaning up steps were effective in isolating PCR-able intact DNA from complex rumen 
material. PCR amplification of total rumen DNA with AF specific primers resulted in an 
amplicon in the range of 250-400 bps in length (Fig. 13). The diversity of the length of 
the ITS-1 regions in AF was quite high. 
Roche 454 pyrosequencing resulted in a total of 40,501 AF sequences. After 
quality trimming, the downstream analysis was conducted with 10,029 full length 
sequences having both forward and reverses primer sequences to avoid any potential 
incorrect annotations. Fig. 14 depicts the community structure and diversity of AF in the 
bovine rumen. Interestingly, none of the sequences belonged to species other than AF. 
Orpinomyces (41.6%) was the most abundant genus of AF found in the rumen of the 
animals sampled. In general, 23.7% of the sequences belonged to previously described 
AF species and 74.9% found to be coming from new Operational Taxonomic Units, 
based on the sequence divergence cutoff value (4.80%) used. About 1.5% of the 
sequences had a higher sequence divergence beyond 16.95% to the most similar sequence 
in the BLAST database. Therefore, they are believed to be resulting from new genera of 






Orpinomyces (41.6%) was found to be the most abundant genus of AF present in 
the bovine rumen of animals fed a high protein and hay-based diet. About 43% of the 
Orpinomyces sequences belonged to new species/OTUs that have not been formally 
described before, according to the sequence divergence cutoff values described by 
Liggenstoffer et al. (2010). This observation of a high relative abundance of Orpinomyces 
species  in the rumen is contrary to the findings of Liggenstoffer et al. (2010) where the 
authors reported that the genus Orpinomyces related sequences were found to be low in 
abundance (with an average of about 3% of the AF community composition). The genus 
Anaeromyces was the second highest and accounted for about 30% of AF in the rumen. 
Interestingly 99% of the Anaeromyces sequences belonged to novel OTUs. A similar 
study conducted recently have found that the relative abundance of Anaeromyces species 
may occasionally go over 30% in pygmy hippopotamus, American bison, and in domestic 
goat all of which are foregut fermenters (Liggenstoffer et al. 2010). Only 0.1% of the 
sequences were classified as Neocallimastix frontalis and the rest unassigned 
Neocallimastix sequences accounted for 13.8% of the total sequences. The relative 
abundance of Piromyces was 10.2% and none of these sequences had a sufficient 
similarity to any of the sequence in the BLAST database to classify them at species level. 
The least abundant genera fond in the bovine rumen were Caecomyces (2.9%) and 
Cyllamyces (0.1%). Cyllamyces was the very last genus of AF discovered from the 
alimentary tracts of herbivorous animals, probably due to its extremely low abundance 
making it difficult to isolate from the rest of the rumen microbiome. Cyllamyces was the 




well. Remarkably, a vast majority of the sequences (74.9%) could not be classified at 
species level based on the sequence similarity to the existing sequences in public 
databases. About 1.5% (about 150 individual sequence reads) of the sequences belonged 
to genera that have not been previously described. This highlights the point that the 
conventional methods of identifying AF have not been able to explore the AF diversity in 
the rumen adequately. Further, there is high potential of metagenomics applications in 
investigating the AF diversity inside the rumen.  
The PCR primers designed in this study did not amplify any known plant or other 
fungal sequence, not belonging to the phylum Neocallimastigomycota, which has been a 











Figure 12. Anaerobic fungi specific degenerate PCR primers. 
The arrow P1 corresponds to the forward primer 5’ AAAAGTTGGDCAAACTTGGTC 
3’ and the arrow P2 corresponds to the reverse primer 5’ 
AGATCCRTTGTYAAAAGTTG 3’. These PCR primers amplify ITS-1 region with 
small segments of flanking 18S and 5.8S ribosomal RNA genes. The estimated length of 
the PCR amplicon resulting with this primer set is about 400 base pairs. 










Figure 13. Genomic diversity of the ITS-1 region of anaerobic fungi. 
Lane 1 of the 1.2% agarose gel electropherogram shows the DNA marker with the 
fragment sizes, from top to bottom, 1000, 800, 600, 500, 400, 300, 200, and 100 base 
pairs in length. Lane 2 shows the PCR amplicons resulted from rumen anaerobic fungi 






Figure 14. Community structure and diversity of anaerobic fungi present in the rumen. 
The sequences were classified into species and genera based on the two putative 
sequence divergence cutoff values 4.80% and 16.95%, respectively. Novel lineages 
represent the sequences that had a sequence divergence over 16.95% to the closest 
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Scope and Method of Study:  
The mammalian gut ecosystem consists of bacteria, fungi, protozoa and viruses. The role 
of gut microbes in the performance and well-being of the host animal is well recognized. This 
study has analyzed the diversity and genomic complexity of the double stranded DNA virome of 
the bovine rumen. A parallel study was conducted to investigate the diversity of anaerobic fungi 
within the bovine rumen. Viral particles were separated from other rumen microorganisms and 
their DNA was amplified using a sequence-independent protocol and sequence analyzed using 
Roche 454 pyrosequencing technology. A PCR-based assay was developed using conserved 
genomic regions specific to anaerobic fungal communities and amplified PCR products were 
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Findings and Conclusions:   
Only 26.6% of the putative viral sequences could be annotated using the information 
present in the public databases. Out of this about 14% of the sequences had homology to 
previously described viruses and a vast majority of the rest were classified as bacterial 
sequences.  These bacterial sequences probably represent proviral sequences found in already 
sequenced bacterial genomes or some of the lytic phage particles isolated in this study that carry 
genetic information acquired from their hosts. Interestingly, the distribution of bacterial hits was 
similar to the relative abundances of these bacteria described in the rumen environment. About 
85% of the viral hits corresponded to tailed bacteriophages belonging to Siphoviridae (69.8%), 
Myoviridae (13.8%), and Podoviridae (1.5%). The gene ontology studies of the putative viral 
sequences revealed that these viruses carry a diverse array of genes related to a range of virus 
specific and non-virus specific functions. Further, the findings of this study suggest the presence 
of CpG methylation in the rumen virome which needs to be further investigated.  
A high level diversity was observed among anaerobic fungi of the bovine rumen. Only 
23.7% of the sequences could be annotated to previously described anaerobic fungi and 74.9% 
were found to be from new species-level operational taxonomic units. Further, we found 
evidences for the presence of novel genera (~1.5%) of anaerobic fungi in the rumen. In animals 
fed with a high protein, hay-based diet, the genus Orpinomyces (41.6%) was the most abundant 
followed by Anaeromyces (29.7%), Neocallimastix (13.9%), Piromyces (10.2%), Caecomyces 
(2.9%) and Cyllamyces (0.1%). The PCR primers designed in this study did not amplify any 
plant or other fungal DNA which has been a problem with many previously published primers. 
